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@  Process  to  make  small  crystallites  of  ZSM-5. 
ZSM-5  crystallites  having  dimensions  below  about  0.3 

micrometer  are  produced  in  the  as  synthesized  form  with 
very  low  levels  of  blocking  tetrapropyl  ammonium  (0)  ions. 
The  reaction  mixture  contains  sources  of  silica,  soda, 
alumina,  a  polyol  such  as  ethylene  glycol  and  trace  amounts 
of  0  ions  as  nucleation  agents.  Because  the  crystallites  as 
synthesized  from  the  aqueous  medium  exhibit  only  a  small 
fraction  of  blocking  cations,  there  is  always  a  diffusion  path 
for  the  hydrated  sodium  ions  to  be  exchanged  without  the 
need  of  prior  removal  of  the  blocking  cations  by  calcination 
or  otherwise.  The  small  size  crystallites  can  be  exchanged, 
blended  with  matrix  material,  and  formed  into  catalyst 
particles.  The  silica  to  alumina  ratio  can  be  varied  and  when 
no  aluminium  is  added,  silicalite  may  be  formed.  The 
synthesis  can  be  done  in  24  hours  or  less. 



F i e l d   of  the   I n v e n t i o n  

T h i s   i n v e n t i o n   r e l a t e s   to  a  p r o c e s s   to  make  s m a l l  

c r y s t a l l i t e s   of  t he   z e o l i t e   ZSM-5  wh ich   can  be  d i r e c t l y  

ion   e x c h a n g e d   w i t h o u t   r e q u i r i n g   c a l c i n a t i o n   of  the   a s  

c r y s t a l l i z e d   p r o d u c t .  

B a c k g r o u n d   of  t he   I n v e n t i o n  

The  s y n t h e t i c   z e o l i t e   ZSM-5  has  been   d e s c r i b e d   b y  

A r q a u e r   et  al  in  U.S .   P a t e n t   No.  3 , 7 0 2 , 8 8 6   and  bv  m a n y  
o t h e r s   s i n c e   1 9 7 2 .   ZSM-5  is   a  z e o l i t e   w h i c h   c r y s t a l l i z e s  

in  t he   o r t h o r h o m b i c   s y s t e m   w i t h   u n i t   c e l l   d i m e n s i o n s   o f  

a b o u t :  

a 0  =   2 0 . 1   A n g s t r o m   u n i t s  

b 0  =   1 9 . 8   A n g s t r o m   u n i t s ,   a n d  

c 0  =   13 .4   A n g s t r o m   u n i t s  

The  u n i t   c e l l   c o n t a i n s   96  a t oms   of  s i l i c o n   a n d  

a l u m i n u m ,   each   t e t r a h e d r a l l y   c o o r d i n a t e d   w i t h   o x y g e n   w h i c h  

a r e   o f t e n   r e f e r r e d   to   as  s i l i c o n   and  a l u m i n u m   t e t r a h e d r o n s  

( a l s o   s i l i c a   and  a l u m i n a   t e t r a h e d r o n s ) .   As  p o i n t e d   ou t   i n  

the   b a s i c   A r q a u e r   e t   a l   p a t e n t ,   s i l i c o n   can  be  r e p l a c e d  

w i t h   g e r m a n i u m   and  a l u m i n u m   can  be  r e p l a c e d   w i t h   g a l l i u m  

to  s t i l l   o b t a i n   ZSM-5.  As  u s e d   h e r e i n   t h e   t e r m   s i l i c a   i s  

to  i n c l u d e   q e r m a n i a   and  m i x t u r e s   of  g e r m a n i a   and  s i l i c a  

and  the   t e r m   a l u m i n a   i s   to  i n c l u d e   g a l l i a   and  m i x t u r e s   o f  

g a l l i a   and  a l u m i n a .   The  p r o p o r t i o n   of  s i l i c o n   to  a l u m i n u m  

mav  v a r y   d e p e n d i n g   on  c o m p o s i t i o n .   For  e x a m p l e ,   a  ZSM-5 

p r o d u c t   w i t h  a   S i 0 2   to  A1203  mole  r a t i o   of  4 6 : 1   w i l l  

c o n t a i n ,   on  a v e r a g e ,   92  s i l i c o n   and  4  a l u m i n u m  

t e t r a h e d r o n s   per   u n i t   c e l l .   These   t e t r a h e d r o n s   form  a  

r i q i d   c o v a l e n t   f r a m e w o r k .   The  z e o l i t e   may  c o n t a i n   o t h e r  

s u b s t a n c e s   or  i o n s   which   a r e   not   p a r t   of  t h e   f r a m e w o r k .  

For  e x a m p l e ,   i t   may  i n c l u d e   c a t i o n s ,   w a t e r ,   o r g a n i c  

m o l e c u l e s ,   h y d r o x y l   i o n s   or  g a s e s .   T h e s e   s u b s t a n c e s   a r e  

p r e s e n t   in  t he   p o r e s   w i t h i n   t he   c r y s t a l   s t r u c t u r e .   ZSM-5 



c r y s t a l s   a r e   t r a v e r s e d   by  two  s e t s   of  c h a n n e l s   or  p o r e s .  

A  s e t   of  e s s e n t i a l l y   s t r a i g h t   p o r e s   w h i c h   run  p a r a l l e l   t o  

t h e   "b"  a x i s   and  a  s e t   of  p o r e s   w h i c h   z i g z a g   or  u n d u l a t e  

in  t he   d i r e c t i o n   p a r a l l e l   to  t he   "a"  a x i s .   The  two  s e t s  

of  p o r e s   or  c h a n n e l s   i n t e r s e c t   on  a  r e g u l a r   and  r e p e t i t i v e  

m a n n e r   s u c h   t h a t   e a c h   u n i t   c e l l   i n c l u d e s   f o u r   s u c h  

i n t e r s e c t i o n s .  

T h u s ,   a  t y p i c a l   u n i t   c e l l   can  be  r e p r e s e n t e d   in  s i m p l e  

t e r m s   by  t he   f o l l o w i n g   s y m b o l i c   n o t a t i o n :  

in  w h i c h  

M  r e p r e s e n t s   m o n o v a l e n t   c a t i o n s   such   as  a l k a l i   m e t a l s ,  

o r g a n i c   b a s e s ,   or  H  .  

r e p r e s e n t s   t h e   p o r e   i n t e r s e c t i o n s ,   a n d  

t h e   o t h e r   s y m b o l s   have   t h e i r   u s u a l   c h e m i c a l   m e a n i n g .  

Note   t h a t   t he   s u m m a t i o n   of  s i l i c o n   and  a l u m i n u m   e q u a l s  

96  ( t h e   number   of  t e t r a h e d r o n s   per   u n i t   c e l l )   and  t h a t   t h e  

n u m b e r   of  m o n o v a l e n t   c a t i o n s   e q u a l s   t he   number   of  a l u m i n u m  

a t o m s .  

One  can  f u r t h e r   r e f i n e   t he   s y m b o l i c   r e p r e s e n t a t i o n   o f  

a  t y p i c a l   u n i t   c e l l   by  i n d i c a t i n g   the   p r e s e n c e   of  o r g a n i c  

b a s e s   such   a s ,   fo r   e x a m p l e ,   n o r m a l   t e t r a p r o p y l   a m m o n i u m  

i o n   [ ( n - C 3 H 7 ) 4 N ] +   h e r e i n a f t e r   d e s i g n a t e d   by  t h e  

l e t t e r   Q,  w h i c h ,   b e c a u s e   of  i t s   s i z e   and  s h a p e ,   i s  

c e n t e r e d   in  t he   i n t e r s e c t i o n s   u n a b l e   to  move  w i t h i n   t h e  

r i q i d   f r a m e w o r k   a n d ,   t h e r e f o r e ,   b l o c k i n g   d i f f u s i o n   or  f l o w  

of  o t h e r   m o l e c u l a r   s p e c i e s   or  i o n s .  

The  r e p r e s e n t a t i o n   t a k e s   the   f o l l o w i n q   f o r m :  

in  w h i c h  



r e p r e s e n t s   t h e   "open"   i n t e r s e c t i o n s   w h i c h   a r e  
e i t h e r   e m p t y   or  f i l l e d   w i th   s m a l l   m o l e c u l e s   or  i o n s  

which   a r e   c a p a b l e   of  and  a l l o w   d i f f u s i o n   or  f l o w  

t h r o u q h   t h e   c h a n n e l s   and  i n t e r s e c t i o n s ,   a n d  

r e p r e s e n t s   t h o s e   i n t e r s e c t i o n s   w h i c h   a r e   o c c u p i e d  

by  l a r g e ,   f i x e d   i o n s   such  as  t e t r a p r o p y l   a m m o n i u m  

which   b l o c k   d i f f u s i o n   and  f l ow  t h r o u g h   t h o s e  

i n t e r s e c t i o n s .   Note   t h a t   t he   s u m m a t i o n   of  " o p e n "   a n d  

b l o c k e d   i n t e r s e c t i o n s   is  f o u r .  

A l t h o u g h   F o r m u l a   (2)  does   not   i n c l u d e   a l l   of  t h e  

c o m p o n e n t s   of  t h e   ZSM-5  z e o l i t e   in  e a c h   and  e v e r y   of  i t s  

p o s s i b l e   f o r m s ,   i t   i n c l u d e s   a l l   of  i t s   key  f u n c t i o n a l  

c o m p o n e n t s .   F o r m u l a   (2)  p r o v i d e s   t h e   f o l l o w i n g   i m p o r t a n t  

i n f o r m a t i o n :  

6  t he   s i l i c a   to  a l u m i n a   mole  r a t i o :  

•  t he   number   of  b l o c k i n q   t e m p l a t e s   pe r   u n i t   c e l l :   y ,  

•  t he   number   of  i n t e r s e c t i o n s   p e r   u n i t   c e l l :   4 ,  

0  the   f r a c t i o n   of  b l o c k e d   p o r e   i n t e r s e c t i o n s :   f  =  y 4, 

t he   p a r t i c u l a r   c a t i o n i c   form  (Na+,   NH+4,  H+,  e t c . )  
of  t h e   z e o l i t e ,  

•  t he   e l e c t r i c a l   n e u t r a l i t y   of  t h e   s y s t e m ,   a n d  

•  a  q e n e r a l   b a s i s   to   d e f i n e   s t o i c h i o m e t r i c  
p r o p o r t i o n s   in  a  ZSM-5  p r o d u c t .  

Under   t h i s   n o t a t i o n   x  i n d i c a t e s   t he   n u m b e r   of  a l u m i n u m  

a t o m s   in  t he   u n i t   c e l l   and  t h u s   t h e r e   w i l l   be  96-x   s i l i c o n  

a toms   s i n c e   t h e   t o t a l   of  t h e s e   two  e l e m e n t s   i s   96.   T h e r e  

a r e   4  i n t e r s e c t i o n s   f o r   each   u n i t   c e l l   w h i c h   a r e  

r e p r e s e n t e d   by  the   2  b o x e s .   The  one  on  t he   f a r   r i g h t  



r e p r e s e n t s   the   number   of  i n t e r s e c t i o n s ,   ( y ) ,   f i l l e d   w i t h   Q 

i o n s ,   and  the   o t h e r   box  r e p r e s e n t s   the   r e m a i n i n g  

i n t e r s e c t i o n s   wh ich   do  no t   c o n t a i n   Q  i o n s   and  t h e y   n u m b e r  

4 - y .   E l e c t r i c a l   c h a r g e   n e u t r a l i t y   is  m a i n t a i n e d   s i n c e   t h e  

number   of  m o n o v a l e n t   c a t i o n s   e q u a l s   t he   number   of  a l u m i n a  

a toms   in  t he   s t r u c t u r e .  

The  S i02  to  A1203  mole   r a t i o   in  ZSM-5  can  b e  

v a r i e d   and  ZSM-5  z e o l i t e s   h a v e   been  made  w i t h   v e r y   l a r g e  

SiO2  to  A1203  mole  r a t i o s .   Dwyer  et  a l   in  U . S .  

P a t e n t   No.  4 , 4 4 1 , 9 9 1   r e f e r   to  h i g h   r a t i o   z e o l i t e s  

d i s c l o s e d   in  U.S .   P a t e n t   No.  Re  2 9 , 9 4 8   and  e q u i v a l e n t s   o f  

such   z e o l i t e s ,   e . g . ,   s i l i c a l i t e   d i s c l o s e d   in  U .S .   P a t e n t  

N o .  4 , 0 6 1 - ,  7 2 4 .  D w y e r  e t   a l   i n d i c a t e   t he   e q u i v a l e n c y   o f  

t h e s e   two  z e o l i t e s   is   known  in  t he   a r t ,   as  d i s c u s s e d ,   f o r  

e x a m p l e ,   by  Fy fe   e t   a l ,   in  R e s o l v i n g   C r y s t a l l o g r a p h i c a l l y  

D i s t i n c t   T e t r a h e d r a l   S i t e s   in  S i l i c a l i t e   and  ZSM-5  b y  

S o l i d   S t a t e   NMR,  296  N a t u r e   530  (Apr .   8,  1 9 8 2 ) ,   by  Rees  i n  

When  i s   a  Z e o l i t e   Not  a  Z e o l i t e ,   296  N a t u r e   491  (Apr .   8 ,  

1 9 8 2 ) ,   and  by  B ibby   e t   a l . ,   in  S i l i c a l i t e - 2 ,   a  S i l i c a  

A n a l o q u e   of  t he   A l u m i n o s i l i c a t e   Z e o l i t e   ZSM-11,   280  N a t u r e  

664  (Aug.   23,  1 9 7 9 ) .   As  u s e d   h e r e i n   t h e   t e r m   ZSM-5 

z e o l i t e   a l s o   i n c l u d e s   s i l i c a l i t e .  

In  the   c l a s s i c a l   s y n t h e s i s   of  ZSM-5,  f o l l o w i n g   t h e  

t e a c h i n g s   of  t he   P l a n k   et   a l   p a t e n t   ( U . S .   P a t e n t   N o .  

3 , 9 2 6 , 7 8 2 ) ,   t e t r a p r o p y l a m m o n i u m   ion  (Q)  i s   u sed   as  a  

t e m p l a t e .   C r y s t a l l i z a t i o n   of  t h e   s i l i c a  a n d   a l u m i n a  

t e t r a h e d r o n s   t a k e s   p l a c e   a r o u n d   the   Q  i o n s   w h i c h   end  u p  
o c c l u d e d   at   t he   i n t e r s e c t i o n s   of  the   two  s e t s   of  p o r e s .  

The  P l a n k   e t   al  s y n t h e s i s   r e q u i r e s   t he   use   of  l a r g e   e x c e s s  

of  Q  i o n s   in  r e l a t i o n   to  t h e   number   of  i n t e r s e c t i o n s   i n  

t he   r e s u l t i n g   ZSM-5  s t r u c t u r e .   As  a  r e s u l t ,   a  l a r g e  

p r o p o r t i o n   of  t h e  Q   e m p l o y e d   ends   up  in  s o l u t i o n   in  t h e  

m o t h e r   l i q u o r   f o l l o w i n q   s y n t h e s i s   and  t he   r e m a i n d e r   e n d s  

up  w i t h i n   the   c r y s t a l   s t r u c t u r e .  



S v m b o l i c a l l y   t h e   P l a n k   e t   a l   p r o d u c t   may  b e  

r e p r e s e n t e d   in  i t s   key  f e a t u r e s   b y :  

in  w h i c h   y  i s   n e a r l y   4,  and  t he   d e g r e e   of  b l o c k i n g   i s  

e s s e n t i a l l y   c o m p l e t e .  

E s s e n t i a l l y   a l l   s u b s t a n c e s   or  i o n s   of  a p p r e c i a b l e  

s i z e ,   such   as  fo r   e x a m p l e   h y d r a t e d   s o d i u m   i o n s ,   w i l l   b e  

u n a b l e   to   d i f f u s e   f r e e l y   t h r o u g h   t h e   s t r u c t u r e   u n t i l   t h e  

b l o c k i n q   Q  i o n s   a r e   r e m o v e d .   F u r t h e r m o r e ,   the   Q  i o n s  

c a n n o t   be  e a s i l y   r e m o v e d   b e c a u s e   t h e i r   s i z e   is  l a r g e ,   a n d  

t h e i r   f i t   i s   v e r y   t i g h t .   For  a l l   p r a c t i c a l   p u r p o s e s   t he   Q 

i o n s   a r e   o c c l u d e d   and  f i x e d .   The  o n l y   p r a c t i c a l   way  t o  

r e m o v e   t h e   o c c l u d e d   Q  i o n s   f rom  t h e   s t r u c t u r e   is   to   b r e a k  

down  t h e s e   l a r g e   c a t i o n s   t h r o u g h   p y r o l y s i s   a t   h i g h  

t e m p e r a t u r e   a n d / o r   o x i d a t i o n .   Once  t h e   Q  has   been   r e m o v e d  

f rom  t h e   s t r u c t u r e ,   t h e   c h a n n e l s   and  i n t e r s e c t i o n s   b e c o m e  

open  to  d i f f u s i o n   of  m o l e c u l e s   or  i o n s   of  s i z e s   g e n e r a l l y  

b e l o w   a b o u t   5  A n g s t r o m s .   For  e x a m p l e ,   h y d r a t e d   s o d i u m  

i o n s   may  e a s i l y   d i f f u s e   t h r o u g h   an  a q u e o u s   medium  and  b e  

e x c h a n g e d   by  o t h e r   c a t i o n s   such   a s ,   f o r   e x a m p l e ,  

ammonium.   S i n c e   t he   mos t   common  use   of  ZSM-5  as  a  

c a t a l y s t   i s   in  t he   h y d r o q e n   f o r m ,   i t s   p r e p a r a t i o n   w i l l  

n o r m a l l y   r e q u i r e   t he   f o l l o w i n q   s e q u e n c e   of  p r i n c i p a l   s t e p s :  

0  s y n t h e s i s   u s i n g   o r g a n i c   m a t e r i a l s   as  t h e  

t e m p l a t e s ,  

0  h i g h   t e m p e r a t u r e   c a l c i n a t i o n   to   r emove   o r g a n i c  

b l o c k i n g   c a t i o n s   such   as  Q,  

•  e x c h a n g e   of  a l k a l i   m e t a l   i o n s   w i t h   ammonium  i o n ,  

a n d  

•  d e c o m p o s i t i o n   a t   e l e v a t e d   t e m p e r a t u r e   of  t h e  

ammonium  ion  i n t o   t he   h y d r o g e n   form  of  t h e  

z e o l i t e   and  g a s e o u s   a m m o n i a .  



A t t e m p t s   have   been   made  to   make  ZSM-5  w i t h   s m a l l  

c r y s t a l l i t e   s i z e s .   When  u s e d   as  a  c a t a l y s t   in  h y d r o c a r b o n  

c o n v e r s i o n   t h e s e   s m a l l   s i z e   c r y s t a l l i t e s   r e t a r d   c a t a l y s t  

a g i n g   d u r i n g   t h e   h y d r o c a r b o n   p r o c e s s i n g   r e a c t i o n s   a s  

d i s c l o s e d   by  P l a n k   et   al  in  U.S .   P a t e n t  N o .   3 , 9 2 6 , 7 8 2 .  

The  z e o l i t e s   in  t h e   P l a n k   e t   al   p a t e n t   were   made  w i t h  

e i t h e r   r e l a t i v e l y   l a r g e   c o n c e n t r a t i o n s   of  t e t r a p r o p y l  

ammonium  b r o m i d e   (QBr)  or  a  t e r t i a r y   a m i n e   and  an  a l k y l  

h a l i d e   ( s u c h   as  b r o m i d e )   w h i c h   would   form  a  t e t r a - a l k y l  

ammonium  h a l i d e   such  as  QBr  when  u s i n g   t r i p r o p y l a m i n e   a n d  

p r o p y l b r o m i d e .   The  d i s p o s a l   of  t h e s e   m a t e r i a l s   in  t h e  

w a s t e   r e a c t a n t   m i x t u r e s   p r e s e n t s   e n v i r o n m e n t a l   p o l l u t i o n  

p r o b l e m s .   F u r t h e r m o r e ,   t h e   z e o l i t e   as  f o r m e d   had  to   b e  

c a l c i n e d   b e f o r e   b e i n g   ion  e x c h a n g e d .   Haag  et   a l   in  U . S .  

P a t e n t   No.  4 , 3 2 6 , 9 9 4   a l s o   u s e d   l a r g e   c o n c e n t r a t i o n s   of  a  

p o l y a l k y l   a m i n e   and  an  o r g a n i c   h a l i d e   ( w h i c h   wou ld   c o m b i n e  

to  form  a  t e t r a - a l k y l   ammonium  h a l i d e   such   as  QBr)  to  m a k e  

s m a l l   c r y s t a l l i t e s .   A g a i n ,   i t   was  n e c e s s a r y   to  c a l c i n e  

the   z e o l i t e s   b e f o r e   t h e y   c o u l d   be  e x c h a n g e d .  

In  t h e s e   p r i o r   s y s t e m s   u s i n g   Q  i o n s ,   t he   a m o u n t   of  Q 

e m p l o y e d   was  v e r y   l a r g e .   For  e x a m p l e ,   in  the   b a s i c  

A r g a u e r   e t   a l   U .S .   P a t e n t   No.  3 , 7 0 2 , 8 8 6   t h e   f i r s t   e x a m p l e  

u s e s   o v e r   1250%  of  t he   a m o u n t   of  Q  n e e d e d   to  o c c u p y   a l l  

i n t e r s e c t i o n s   on  t he   b a s i s   of  the   u n i t   c e l l   s t o i c h i o m e t r y  

of  F o r m u l a   ( 2 ) .  

ZSM-5  has   a l s o   been   p r o d u c e d   f rom  r e a c t i o n   s y s t e m s  

c o n t a i n i n g   s e e d s .   R o l l m a n n   et   al  U.S .   P a t e n t   N o .  

4 , 2 0 3 , 8 6 9   d i s c l o s e d   u s i n g   ZSM-5  c r y s t a l s   as  s e e d s   a n d  

n o t e d   t h a t   t he   s u c c e s s f u l   c r y s t a l l i z a t i o n   r e q u i r e d   t h e  

f u r t h e r   p r e s e n c e   of  Q,  t he   t e t r a p r o p y l a m m o n i u m   c a t i o n .  

P l a n k   et   a l   in  U.S .   P a t e n t   No.  4 , 1 7 5 , 1 1 4   used   s e e d s   a l o n e  

or  in  c o m b i n a t i o n   w i t h   an  a l c o h o l .   The  a l c o h o l s   d i s c l o s e d  

were  a l i p h a t i c   a l c o h o l s   and  p r e f e r a b l y   c o n t a i n i n g   2  to  5 



c a r b o n   a t o m s .   I l l u s t r a t i v e l y   named  a l c o h o l s   were   e t h a n o l ,  

p r o p a n o l ,   b u t a n o l   and  p e n t a n o l .   The  p a t e n t e e s   s t a t e d   t h e y  

c o n t e m p l a t e d   t h a t   t h e   a l c o h o l s   c o u l d   be  s t r a i g h t   o r  

b r a n c h e d   c h a i n .   T h e r e   was  no  m e n t i o n   of  t he   c r y s t a l l i t e  

s i z e   o b t a i n e d .  

ZSM-5  has   a l s o   been   made  in  a  low  s o d i u m   form  so  t h e  

z e o l i t e   need   no t   be  ion  e x c h a n g e d   p r i o r   to   u s e .   R u b i n   e t  

al  in  U.S .   P a t e n t   No.  4 , 1 5 1 , 1 8 9   d i s c l o s e d   u s i n g  

p r o p y l a m i n e s   w i t h   s t i r r i n g   to  p r o d u c e   a  z e o l i t e   in  t h e  

a s - s y n t h e s i z e d   fo rm  which   had  l e s s   t h a n   0.14%  by  w e i g h t   o f  

a l k a l i   m e t a l .   T h e r e   was  no  d i s c u s s i o n   of  the   c r y s t a l l i t e  

s i z e .   P l a n k   e t   a l   in  U.S .   P a t e n t   No.  4 , 3 4 1 , 7 4 8   c l a i m e d   a n  

u n c a l c i n e d   fo rm  of  ZSM-5  wh ich   was  c a p a b l e   o f  

s u b s t a n t i a l l y   c o m p l e t e   ion  e x c h a n g e   of  i t s   o r i g i n a l   m e t a l  

c a t i o n s   w i t h o u t   p r i o r   c a l c i n a t i o n .   The  d i s c l o s u r e   was  a  

c o n t i n u a t i o n - i n - p a r t   of  the   P l a n k   e t   al   U .S .   P a t e n t   N o .  

4 , 1 7 5 , 1 1 4   p a t e n t   d i s c u s s e d   a b o v e   w i t h   r e g a r d   to  s e e d i n g  

and  i t   had  t h e   same  e x a m p l e s .  

ZSM-5  has   a l s o   been   made  in  r e a c t i o n   s y s t e m s   w h i c h   d o  

not   u t i l i z e   t he   l a r g e   Q  ion  t e m p l a t e s .   T a r a m a s s o   e t   a l   i n  

U.S.   P a t e n t   No.  4 , 4 3 1 , 6 2 1   d i s c l o s e d   t h e   use   of  o r g a n i c  

s u b s t a n c e s   w h i c h   c o n t a i n   h y d r o x y l   f u n c t i o n s   such  a s  

a l c o h o l s   and  p h e n o l s   and  more  p a r t i c u l a r l y   g l y c o l s   a n d  

p o l y g l y c o l s .   The  p a t e n t   d id   no t   g i v e   t h e   c r y s t a l l i t e  

s i z e s .  

o b j e c t s   of  t he   I n v e n t i o n  

I t   is   an  o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e   ZSM-5 

c r y s t a l l i t e s   h a v i n g   a  s i z e   in  t h e i r   s m a l l e s t   d i m e n s i o n   o f  

be low  a b o u t   0 .3   m i c r o m e t e r .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e  

s m a l l   ZSM-5  c r y s t a l l i t e s   u s i n g   o n l y   s m a l l   to  t r a c e   a m o u n t s  

of  q u a t e r n a r y   ammonium  i o n s   as  t e m p l a t e s   or  n u c l e a t i n g  

a g e n t s .  



I t   is   a  f u r t h e r   o b j e c t   to   m o d i f y   t h o s e   known  p r o c e s s e s  
f o r   m a k i n g   ZSM-5,  w h i c h   do  no t   use   t e t r a p r o p y l   ammon ium 

i o n s ,   by  a d d i n g   a  c o m b i n a t i o n   of  Q  i o n s   and  o t h e r  

m a t e r i a l s   i n c l u d i n g   e t h y l e n e   g l y c o l   to   p r o d u c e   ZSM-5  i n  

s u b m i c r o n   s i z e   c r y s t a l l i t e s .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   p r o d u c e  

ZSM-5  in  the   as  s y n t h e s i z e d   and  w a s h e d   form  w h i c h   h a v e  

l a r g e   b l o c k i n g   o r g a n i c   c o m p o u n d s   such   as  Q  p r e s e n t   in  o n l y  

a  s m a l l   f r a c t i o n   of  t h e   number   of  i n t e r s e c t i o n s   in  t h e  

z e o l i t e   s t r u c t u r e .  

I t   is   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   o b t a i n  

n o v e l   ZSM-5  in  t he   as  s y n t h e s i z e d   and  w a s h e d   fo rm  w h i c h  

h a v e   l a r g e   b l o c k i n g   o r g a n i c   c o m p o u n d s  s u c h   as  Q  p r e s e n t   i n  

o n l y   a  s m a l l   f r a c t i o n   of  t h e   number   of  i n t e r s e c t i o n s   i n  

t h e   z e o l i t e   s t r u c t u r e .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   p r o d u c e  

ZSM-5  h a v i n q   a  h i g h   d e g r e e   of  c r y s t a l l i n i t y .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e  

ZSM-5  f rom  raw  m a t e r i a l s   of  low  c o s t .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   p r o d u c e  

ZSM-5  by  a  p r o c e s s   h a v i n g   a  h i g h   e q u i v a l e n t   p r o d u c t  

c o n c e n t r a t i o n   as  w i l l   be  d e f i n e d   h e r e i n .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   p r o d u c e  

ZSM-5  by  a  p r o c e s s   u t i l i z i n g   a  r e a c t o r   s u c h   as  a n  

a u t o c l a v e   w i t h   a  v e r y   l a r g e   r e a c t o r   t h r o u g h p u t   as  w i l l   b e  

d e f i n e d   h e r e i n .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e  

ZSM-5  wh ich   can  be  ion   e x c h a n g e d   w i t h o u t   r e q u i r i n g   a  

p r e c a l c i n a t i o n   s t e p .  

I t   i s   a n o t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to   p r o d u c e  

ZSM-5  by  u s i n g   a  r e c y c l e   p r o c e s s .  

I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e  

s i l i c a l i t e   and  w i t h   t h e   same  o b j e c t s   as  f o r   m a k i n g   ZSM-5 .  



I t   is  a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  p r o d u c e  

t he   i n t e n d e d   z e o l i t e s   by  an  o v e r a l l   low  c o s t   p r o c e s s .  
I t   i s   a  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   to  b l e n d   t h e  

ZSM-5  o b t a i n e d   w i t h   m a t r i x   m a t e r i a l   to   form  c a t a l y s t  

p a r t i c l e s .  

T h e s e   and  f u r t h e r   o b j e c t s   w i l l   become   a p p a r e n t   as  t h e  

d e s c r i p t i o n   of  t he   i n v e n t i o n   p r o c e e d s .  

Summary  of  t he   I n v e n t i o n  

By  s y n t h e s i z i n g   ZSM-5  in  an  a q u e o u s   medium  f r o m  

s o u r c e s   of  s i l i c a ,   soda   and  a l u m i n a   in  a  s p e c i f i c  

c o n c e n t r a t i o n   r e a c t i o n   m i x t u r e   w h i c h   c o n t a i n s   a  p o l y o l  

such   as  e t h y l e n e   g l y c o l   and  w i t h   t r a c e   a m o u n t s   o f  

t e t r a p r o p y l   ammonium  (Q)  i o n s   as  n u c l e a t i o n   a g e n t s ,   n o v e l  

c r y s t a l l i t e s   h a v i n g   d i m e n s i o n s   b e l o w   a b o u t   0 .3   m i c r o m e t e r  

can  be  p r o d u c e d   w h i c h   have   l o w  l e v e l s   of  b l o c k i n g   Q  i o n s  

p r e s e n t   in  t h e   as  s y n t h e s i z e d   f o r m .   S i l i c a l i t e   is   m a d e  

when  t h e   s o u r c e   of  a l u m i n a   is   d e l e t e d .   The  t r a c e   a m o u n t  

of  QBr  e m p l o y e d   in  our  p r o c e s s   i s   a  s m a l l   f r a c t i o n   of  t h e  

s t o i c h i o m e t r i c   a m o u n t   of  Q  i o n s   c a l c u l a t e d   b a s i s   F o r m u l a  

(2)  w h i c h   w o u l d   o c c u p y   a l l   p o r e   i n t e r s e c t i o n s   w i t h i n   t h e  

s t r u c t u r e .   The  a m o u n t   used   i s   g e n e r a l l y   l e s s   t h a n   20%  o f  

the   s t o i c h i o m e t r i c   amoun t   b a s e d   on  F o r m u l a   ( 2 ) .   F o r  

e x a m p l e ,  a   p r o d u c t   w i t h   SiO2  to  A1203  mole   r a t i o   o f  

46 :1   can  be  p r e p a r e d   u s i n g   g e n e r a l l y   l e s s   t h a n   0 . 4 0   m o l e  

of  QBr  pe r   mole   of  A1203  to  g i v e   a  ZSM-5  r e p r e s e n t e d  

s y m b o l i c a l l y   b v :  

B e c a u s e   t h e   c r y s t a l l i t e s   as  s y n t h e s i z e d   f rom  t h e  

a q u e o u s   medium  e x h i b i t   o n l y   a  s m a l l   f r a c t i o n   of  b l o c k i n g  

c a t i o n s ,   t h e r e   i s   a l w a y s   a  d i f f u s i o n   p a t h   f o r   t he   s o d i u m  

i o n s   to  be  e x c h a n g e d   w i t h o u t   a  need   of  p r i o r   r e m o v a l   o f  

t he   b l o c k i n g   c a t i o n s   by  c a l c i n a t i o n   or  o t h e r w i s e .   M e r e l y  

by  w a t e r   w a s h i n g   t he   z e o l i t e ,   t he   e t h y l e n e   g l y c o l   a n d  



e x c e s s   NaOH  may  be  r e m o v e d   f rom  the   s t r u c t u r e .   The  d e g r e e  

of  r e m o v a l   d e p e n d s   on  t he   e x t e n t   of  w a s h i n g .   By 

c o n t a c t i n g   the   p r o d u c t   w i t h   a  s o l u t i o n   of  an  ammonium  s a l t  

such   as  NH4N03,  t h e   s o d i u m   ion   i s   r e a d i l y   e x c h a n g e d  

and  the   z e o l i t e   i s   e s s e n t i a l l y   c o n v e r t e d   to  t he   a m m o n i u m  

f o r m .   We  a l s o   e m p h a s i z e   t h a t   t h e   h y d r o t h e r m a l   s t e p   of  o u r  

p r o c e s s   o n l y   t a k e s   a b o u t   8  h o u r s   or  l e s s   to  c o m p l e t e   t h e  

ZSM-5  s y n t h e s i s .   F u r t h e r m o r e ,   we  a l s o   e m p h a s i z e   t h a t   t h e  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   in  t h e   a u t o c l a v i n g   s t e p  

of  our  p r o c e s s   is  g e n e r a l l y   g r e a t e r   t h a n   12%  and  o f t e n  

g r e a t e r   t h a n   14%.  The  h i g h   c o n c e n t r a t i o n   and  s h o r t  

r e a c t i o n   t i m e s   c o m b i n e   to  g i v e   e x c e l l e n t   p r o d u c t  

t h r o u g h p u t s   t y p i c a l l y   g r e a t e r   t h a n   400  K g / c m 3 / d a y   a n d  

more  p r e f e r a b l y   g r e a t e r   t h a n   500  K g / m  3  d a y .   A l l   o f  

wh ich   a r e   s i g n i f i c a n t   i m p r o v e m e n t s   ove r   p r i o r   a r t .  

Us ing   j u s t   e t h y l e n e   g l y c o l   a l o n e   does   n o t   p r o d u c e   t h e  

d e s i r e d   s m a l l   s i z e   c r y s t a l l i t e s .   I n s t e a d ,   i t   is   n e c e s s a r y  

to  have   a  s m a l l   a m o u n t   of  t h e   t e t r a p r o p y l a m m o n i u m   i o n  

p r e s e n t .  

The  s m a l l   s i z e   c r y s t a l l i t e s   can  be  e x c h a n g e d ,   b l e n d e d  

w i t h   m a t r i x   m a t e r i a l ,   and  f o r m e d   i n t o   c a t a l y s t   p a r t i c l e s .  

The  s i l i c a   to  a l u m i n a   r a t i o   can  be  v a r i e d   and  when  n o  

a l u m i n u m   is   a d d e d ,   s i l i c a l i t e   may  be  f o r m e d .  

D e s c r i p t i o n   of  t he   P r e f e r r e d   E m b o d i m e n t s  

our  new  m e t h o d   f o r   s y n t h e s i z i n g   t he   z e o l i t e   ZSM-5  i s  

e s p e c i a l l y   s u i t a b l e   f o r   m a k i n g   s m a l l   s i z e   c r y s t a l l i t e s .  

As  d e s c r i b e d   by  P l a n k   e t   a l   in  U.S.   P a t e n t   No.  3 , 9 2 6 , 7 8 2  

v e r y   s m a l l   c r y s t a l l i t e   s i z e   ZSM-5  c o n t a i n i n g   c a t a l y s t  

r e s u l t s   in  the   r e t a r d a t i o n   of  a g i n g   of  s u c h   c a t a l y s t  

d u r i n g   v a r i o u s   h y d r o c a r b o n   c o n v e r s i o n   r e a c t i o n s   such   a s  

u p g r a d i n g   of  r e f o r m a t e s ,   t r a n s a l k y l a t i o n   of  a r o m a t i c  

h y d r o c a r b o n s ,   a l k y l a t i o n   of  a r o m a t i c s ,   r e d u c t i o n   in  t h e  

pour   p o i n t   of  f u e l   o i l s   and  in  c a t a l y t i c   c r a c k i n g   o f  

h y d r o c a r b o n s .   When  u p g r a d i n g   n a p h t h a s   or  r e f o r m a t e s ,   t h e  



use  of  the   s m a l l   s i z e   c r y s t a l l i t e s   has  been   f o u n d   by  P l a n k  

e t   a l   no t   o n l y   to  r e t a r d   a g i n g   of  t he   c a t a l y s t ,   bu t   a l s o  

to  g i v e   r i s e   to  i m p r o v e d   y i e l d - o c t a n e   t h r o u g h   the   use   o f  

d e c r e a s e d   h y d r o g e n   to   h y d r o c a r b o n   r a t i o   w h i l e   r e t a i n i n g  

s a t i s f a c t o r y   a g i n g   d u r i n g   n a p h t h a   or  r e f o r m a t e   p r o c e s s i n g .  

One  s i m p l e   e x p l a n a t i o n   as  to  why  s m a l l e r   s i z e  

p a r t i c l e s   a r e   a d v a n t a g e o u s   in  c e r t a i n   s i t u a t i o n s   c o n c e r n s  

t h e   s h o r t e n e d   d i f f u s i o n a l   p a t h   and  o f t e n   h i g h e r   r a t e s   o f  

r e a c t i o n .   F u r t h e r m o r e ,   in  c a t a l y t i c   a p p l i c a t i o n s   whe re   a  

m o l e c u l e   d i f f u s e s   i n t o   t h e   c r y s t a l l i t e   and  c r a c k s ,   i f  

t h e r e   r e m a i n s   an  e x t r e m e l y   l o n g   d i f f u s i o n   p a t h   fo r   t h e  

c r a c k e d   p r o d u c t s   to   e x i t ,   t h o s e   p r o d u c t s   may  f u r t h e r   c r a c k  

to   f o rm  s m a l l e r ,   u n d e s i r e d   p r o d u c t s   b e f o r e   t h e y   l e a v e   t h e  

c r y s t a l l i t e .  

our   m e t h o d   p r o d u c e s   a  ZSM-5  z e o l i t e   h a v i n g   a  SiO2  t o  

A 1 2 0 3  m o l e   r a t i o   R  g r e a t e r   t h a n   5,  h a v i n g   c r y s t a l l i t e s  

w i t h   t h e i r   s m a l l e s t   d i m e n s i o n   b e l o w   a b o u t   0 .3   m i c r o m e t e r ,  

and  h a v i n g   an  a v e r a g e   u n i t   c e l l   r e p r e s e n t e d   by  t he   f o r m u l a  

w h e r e  

M  r e p r e s e n t s   m o n o v a l e n t   c a t i o n s   s u c h   as  a l k a l i  

m e t a l s ,   o r g a n i c   b a s e s ,   or  H+ ,  

r e p r e s e n t s   the   i n t e r s e c t i o n s   of  t h e  

c h a n n e l s   i n s i d e   t he   ZSM-5  p o r o u s   f r a m e w o r k   f r e e  

of  t e t r a p r o p y l   ammonium  i o n s ,   a n d  

r e p r e s e n t s   t he   i n t e r s e c t i o n s   of  t h e  

c n a n n e i s   i n s i a e   tne   ZSM-3  p o r o u s   t r a m e w o r x   h a v i n g  

o c c l u d e d   t e t r a p r o p y l   ammonium  i o n s .  



The  method   u s e s   a  m i x t u r e   c o n t a i n i n g   a  s o u r c e   of  s i l i c a ,   a  

s o u r c e   of  a l u m i n a ,   a  s o u r c e   of  a l k a l i   m e t a l   h y d r o x i d e   s u c h  

as  sod ium  h y d r o x i d e ,   w a t e r ,   a  p o l y o l   s u c h   as  e t h y l e n e  

g l y c o l ,   and  a  s m a l l   a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s .  

The  amount   of  t e t r a p r o p y l   ammonium  i o n s   in  t he   r e a c t i o n  

m i x t u r e   is  such   t h a t   i t   i s   a t   l e a s t   an  e f f e c t i v e   a m o u n t  

and  in  an  a m o u n t   e x p r e s s e d   in  m o l e s   w h i c h   is   l e s s   t h a n  

1 / 1 2 0   of  t he   sum  of  t he   number   of  m o l e s   of  Si  in  t h e  

r e a c t i o n   s l u r r y   m u l t i p l i e d   by  0 .8   and  t he   number   of  m o l e s  

of  Al  in  t he   r e a c t i o n   s l u r r y .   A f t e r   t he   m i x t u r e   i s  

r e a c t e d   in  a  h e a t e d   r e a c t o r   s u c h   as  an  a u t o c l a v e ,   t h e  

ZSM-5  z e o l i t e   p r o d u c t   i s   r e c o v e r e d .   When  t he   s o u r c e   o f  

a l u m i n a   is  o m i t t e d ,   t h e n   s i l i c a l i t e   i s   f o r m e d .  

The  ZSM-5  z e o l i t e   o b t a i n e d   as  s y n t h e s i z e d   has  a  s m a l l  

a m o u n t  o f   Q  i o n s   in  t h e   i n t e r s e c t i o n s .   In  F o r m u l a   ( 2 )  

a b o v e   the  maximum  v a l u e   of  y  is   0 . 8   w h i c h   c o r r e s p o n d s   t o  

20%  of  the  t h e o r e t i c a l   s t o i c h i o m e t r i c   a m o u n t .   A  m o r e  

p r e f e r r e d   v a l u e   has   y  l e s s   t h a n   0 .6   and  more  p r e f e r a b l y   y  
is   l e s s   t han   0 . 4 .   At  t h e s e   c o n c e n t r a t i o n s ,   e s s e n t i a l l y  

a l l   of  the   Q  in  t h e   r e a c t i o n   m i x t u r e   i s   d e p o s i t e d   in  t h e  

z e o l i t e   p r o d u c e d .   In  c o n t r a s t   to   t h e   s m a l l   a m o u n t s   of  Q 

u s e d   in  the   p r e s e n t   p r o c e s s   a l l   of  t h e   e x a m p l e s   of  t h e  

b a s i c   A r g a u e r   e t   a l   p a t e n t   u t i l i z e   more  t h a n   870%  of  t h e  

s t o i c h i o m e t r i c   a m o u n t   of  Q  wh ich   i s   a b o u t   44  t i m e s   t h e  

u p p e r   l i m i t   of  our   p r o c e s s .   With  r e g a r d   to   our  p r e f e r r e d  

u p p e r   l i m i t   of  y  =  0 . 4 ,   A r g a u e r   e t   a l   use   more  t h a n   88  

t i m e s   t h a t   a m o u n t   in  e a c h   of  t h e i r   s i x   s y n t h e s i s   e x a m p l e s  

(Nos.   1 - 6 ) .  

The  p r o c e s s   a c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n  

p r o d u c e s   ZSM-5  h a v i n g   a  h i g h   d e g r e e   of  c r y s t a l l i n i t y ,   a n  
o c c l u d e d   c a r b o n   c o n t e n t   as  p r e p a r e d   and  w a t e r   washed   o f  

l e s s   t han   0 .1   mole   of  c a r b o n   per   mole   of  t o t a l   s i l i c o n   a n d  

a l u m i n u m   c o n t a i n e d   in  t he   ZSM-5,  a  z e o l i t i c   a l k a l i   m e t a l  

c o n t e n t   as  p r e p a r e d   and  w a t e r   w a s h e d   of  l e s s   t han   one  m o l e  



per   mole   of  c o n t a i n e d   a l u m i n u m ,   a  h i g h   d e g r e e   o f  

c r y s t a l l i n e   p u r i t y   e x h i b i t i n g   a  s i n g l e   c r y s t a l l i n e   p h a s e  

m a t e r i a l ,   an  a l u m i n o s i l i c a t e   or  s i l i c a l i t e   s t r u c t u r e ,   t h e  

c a p a c i t y   to   be  r e a d i l y   e x c h a n g e a b l e   w i t h o u t   p r i o r   r e m o v a l  

of  Q  i o n s ,   and  c o n t a i n i n g   as  p r e p a r e d   and  w a t e r   w a s h e d  

l e s s   t h a n   1 / 1 2 0   mole   of  n i t r o g e n   per   mole  of  t o t a l   s i l i c o n  

and  a l u m i n u m   c o n t a i n e d   in  t he   Z S M - 5 .  

The  ZSM-5  z e o l i t e   o b t a i n e d   a f t e r   b e i n g   w a t e r   w a s h e d  

w i l l   n o r m a l l y   have   Na  as   M  in  F o r m u l a   ( 2 ) .   T h i s   p r o d u c t  

can  be  f u r t h e r   ammonium  ion   e x c h a n g e d   so  t h a t   M  b e c o m e s  

NH4.  I t   i s   a l s o   p o s s i b l e   to  a t   l e a s t   p a r t i a l l y  

e x c h a n g e   the   as  w a s h e d   p r o d u c t   w i t h   an  e q u i v a l e n t   a m o u n t  

of  l a n t h a n i d e   i o n .   By  l a n t h a n i d e   ion  we  mean  t h e   c a t i o n s  

of  a l l   t h o s e   e l e m e n t s   h a v i n g   an  a t o m i c   number   of  5 7 - 7 1  

i n c l u s i v e   p l u s   t he   e l e m e n t   y t t r i u m .  

In  one  e m b o d i m e n t   we  add  a  s m a l l   a m o u n t   of  QBr  s o l i d  

c r y s t a l s   to   w a t e r   to  a s s u r e   c o m p l e t e   d i s s o l u t i o n   of  t h e  

c r y s t a l s   and  t h e n   t h e   d i s s o l v e d   QBr  is  m ixed   w i t h   t h e  

o t h e r   m a t e r i a l s   to  fo rm  t h e   d e s i r e d   s m a l l   s i z e   ZSM-5 

z e o l i t e s   or  s i l i c a l i t e .   In  a n o t h e r   e m b o d i m e n t   we  u t i l i z e  

a  s p e c i a l   s e e d i n g   m a t e r i a l   to  i n i t i a t e   n u c l e a t i o n .  

The  s e e d i n g   m a t e r i a l   f o r   t he   s e e d i n g   m a t e r i a l  

e m b o d i m e n t   i s   made  f rom  a  d i l u t e   s y s t e m   c o n t a i n i n g   s i l i c a ,  

a l u m i n a ,   s o d a ,   w a t e r   and  t r a c e   a m o u n t s   of  QBr.   F o r  

e x a m p l e ,   a  mole   r a t i o   o f  
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can  be  t y p i c a l l y   u s e d  .   In  t h i s   s e e d i n g   m a t e r i a l   t h e  

s i l i c a   to  a l u m i n a   mole   r a t i o   can  be  v e r y   h i g h .   T h e  

m a t e r i a l   may  be  h e a t e d   f o r   a  few  h o u r s   a t   a  h i g h  

t e m p e r a t u r e   such   as  8 0 - 1 0 0 ° C   p r i o r   to  u s e ,   a l t h o u g h   t h e  

h e a t i n g   s t e p   is  no t   c r i t i c a l .   The  e x a c t   n a t u r e   of  t h e  

s e e d i n g   m a t e r i a l   is   no t   known.   For  e x a m p l e ,   i f   t h e  

s e e d i n g   m a t e r i a l   i s   d r i e d   i n t o   a  p o w d e r ,   x - r a y  

d i f r a c t o m e t r y   f a i l s   to  d e t e c t   any  c r y s t a l l i n i t y .   H o w e v e r ,  



i t   i s   b e l i e v e d   t h a t   t he   f u n d a m e n t a l   ZSM-5  f r a m e w o r k   u n i t s  

b e g i n   to  form  in  t h e   s e e d i n g   m a t e r i a l   or  p o s s i b l y   t h a t  

e x t r e m e l y   s m a l l   c r y s t a l l i n e   d o m a i n s   a r e   f o r m e d ,   bu t   c a n n o t  

be  d e t e c t e d   b e c a u s e   of  t h e i r   s i z e .   In  s u m m a r y ,   t h e  

r e a c t i o n   m i x t u r e   c o n t a i n s   no  s o u r c e   of  ZSM-5  c r y s t a l l i t e s  

w h i c h   a re   d i s c e r n i b l e   by  powder   x - r a y   d i f f r a c t i o n .   T h e  

s m a l l   r e l a t i v e   a m o u n t s   of  Q  i o n s   p r e s e n t   in  the   s e e d i n g  

m a t e r i a l   a re   b e l i e v e d   to  i n i t i a t e   n u c l e a t i o n   of  s e e d i n g   i n  

t he   r e a c t i o n   s y s t e m .  

The  d e s i r e d   mole   r a t i o   of  s i l i c a   to  a l u m i n a   in  t h e  

ZSM-5  p r o d u c t   i s   c o n t r o l l e d   by  the   a m o u n t   of  s i l i c a   a n d  

a l u m i n a   added   to   t h e   r e a c t i o n   m i x t u r e .   I f   the   s i l i c a   t o  

a l u m i n a   r a t i o   is   g r e a t e r   t han   6,  t h e n   a  p r o d u c t   i s  

o b t a i n e d   h a v i n g   a  s i l i c a   to  a l u m i n a   r a t i o   g r e a t e r   t han   5 .  

In  t h e   a b s e n c e   of  a l u m i n a   the   p r o d u c t   s i l i c a l i t e   i s  

o b t a i n e d .   P r e f e r r e d   s i l i c a   to  a l u m i n a   r a t i o s   in  t h e  

r e a c t i o n   m i x t u r e   a r e   2 0 - 1 2 0   w i t h   a  more  p r e f e r r e d   r a n g e  

b e i n g   4 0 - 8 0 .  

A  r e a c t i o n   m i x t u r e   can  be  p r e p a r e d   by  a d d i n g   a  

m e a s u r e d   amoun t   of  s e e d i n g   m a t e r i a l   to   t he   o t h e r   r e a c t a n t s  

such   as  s i l i c a ,   a l u m i n a ,   s o d a ,   a  p o l y o l   such   as  e t h y l e n e  

g l y c o l   and  w a t e r .   The  r e a c t a n t   m i x t u r e   can  t hen   b e  

t r a n s f e r r e d   to  a  s t i r r e d   a u t o c l a v e   w h e r e   t h e   m a j o r  

r e a c t i o n   t a k e s   p l a c e .   Under  t he   c o n t r o l l e d   h y d r o t h e r m a l  

c o n d i t i o n s   in  t h e   s t i r r e d   r e a c t o r   ( a u t o c l a v e )   t h e  

c r y s t a l l i z a t i o n   r e a c t i o n   t a k e s   p l a c e   in  w h i c h   the   e t h y l e n e  

g l y c o l   a p p e a r s   to   f u n c t i o n   in  p a r t   as  a  t e m p l a t e .   T h e  

s i z e   of  the   ZSM-5  p r o d u c t   i s   g e n e r a l l y   c o n t r o l l e d   by  t h e  

a m o u n t   of  s e e d i n g   m a t e r i a l   u s e d .  

By  u s i n g   a  m e a s u r e d   amount   of  s e e d i n g   m a t e r i a l   t o  

p r o v i d e   the   ZSM-5  n u c l e i   and  by  u s i n g   a  s u b s t a n t i a l   a m o u n t  

of  e t h y l e n e   g l y c o l ,   i t   is   p o s s i b l e   to  s y n t h e s i z e   any  s i z e  

c r y s t a l l i t e   of  ZSM-5  b e l o w   a b o u t   10  m i c r o m e t e r s   p r e f e r a b l y  



b e l o w   1  m i c r o m e t e r   and  most   p r e f e r a b l y   b e l o w   0 . 3  

m i c r o m e t e r .   The  e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n s   a r e  

g r e a t e r   t h a n   12%  and  p r e f e r a b l y   g r e a t e r   t h a n   14%  and  t h e  

p r o d u c t   t h r o u g h p u t s   a r e   t y u p i c a l l y   g r e a t e r   t h a n   4 0 0  
K g / m 3 / d a y   and  more   p r e f e r a b l y   g r e a t e r   t h a n   5 0 0  

K g / m 3 / d a y .  

S i n c e   e t h y l e n e   g l y c o l   can  be  r e a d i l y   w a s h e d   ou t   of  t h e  

ZSM-5  p r o d u c t ,   t h e   m a j o r   p o r t i o n   of  t h e   c h a n n e l s   a n d  

i n t e r s e c t i o n s   w i t h i n   each   c r y s t a l l i t e   a r e   f r e e   of  a n y  

b l o c k i n g   o r q a n i c   s u b s t a n c e s   a f t e r   w a s h i n g .   A l t h o u g h   t h e  

c e n t r a l   p a r t   of  e a c h   c r y s t a l l i t e   or  s c a t t e r e d   s m a l l  

c l u s t e r s   may  c o n t a i n   some  b l o c k i n g   Q  i o n s ,   t he   p r o p o r t i o n  

i s   so  s m a l l   c o m p a r e d   to  t h e   t o t a l   number   of  i n t e r s e c t i o n s  

t h a t   i t   d o e s   n o t   i m p a i r   t he   s u b s e q u e n t   i o n - e x c h a n g e   s t e p .  

As  a  r e s u l t ,   our   p r o c e s s   e l i m i n a t e s   t h e   r e q u i r e d  

c a l c i n a t i o n   s t e p   p r i o r   to   t h e   i o n - e x c h a n g i n g   as  d e s c r i b e d  

in  many  p r e v i o u s   ZSM-5  s y n t h e s i s   p r o c e d u r e s .  

The  s i z e   of  t h e   ZSM-5  c r y s t a l l i t e   i s   f u r t h e r  

c o n t r o l l e d   by  s e l e c t i n g   the   p r o p e r   c o m b i n a t i o n   of  soda   a n d  

w a t e r   c o n c e n t r a t i o n s .   The  c o n c e n t r a t i o n   of  r e a c t i v e   s o d a  

a t   any  t i m e   is   i n d i r e c t l y   m e a s u r e d   by  t h e   pH.  A d d i n g   t o o  

much  soda   w i l l   c a u s e   l a r g e   p a r t i c l e s   to  be  f o r m e d .   F o r  

e x a m p l e ,   in  a  60  S i 0 2   to  1  A1203  s y s t e m   h a v i n g  

g r e a t e r   t h a n   10  m o l e s   of  Na20  per   mole   of  A1203  w i l l  

r e s u l t   in  l a r g e   s i z e   c r y s t a l l i t e s .   I f   t he   s o l i d s   c o n t e n t  

i s   i n c r e a s e d   by  r e d u c i n g   t h e   amoun t   of  w a t e r ,   l a r g e  

c r y s t a l l i t e s   w i l l   a l s o   be  p r o d u c e d .   For  e x a m p l e ,   in  a  60  

S i o 2  t o   1  A1203  s y s t e m ,   when  t he   a m o u n t   of  w a t e r   i s  

r e d u c e d   f rom  800  m o l e s   w a t e r   f o r   e a c h   mole   of  A l 2 O 3  t o  
600  m o l e s   of  w a t e r ,   t he   c r y s t a l l i t e   s i z e   i n c r e a s e s .  

The  s y n t h e s i s   t e m p e r a t u r e   a l s o   has   an  e f f e c t   on  t h e  

s i z e   of  t he   ZSM-5  c r y s t a l l i t e s .   The  s y n t h e s i s   t i m e   v a r i e s  

i n v e r s e l y   w i t h   t e m p e r a t u r e s   in  t he   r a n g e   f rom  a b o u t   1 0 0 °  



to  200°C  w i t h   t he   o p t i m a l   t e m p e r a t u r e   fo r   m a k i n g   s m a l l  

c r y s t a l l i t e s   b e i n g   a b o u t   1 7 0 ° - 1 8 0 ° C .   If   t he   r e a c t i o n  

t e m p e r a t u r e   is   s i g n i f i c a n t l y   i n c r e a s e d   above   2 0 0 ° C ,   f o r  

e x a m p l e ,   t he   s i z e   of  t h e   c r y s t a l l i t e s   w i l l   i n c r e a s e .   A 

f u r t h e r   p r o b l e m   w i t h   h i g h   t e m p e r a t u r e s   above   200°C  i s   t h a t  

some  of  the   o r g a n i c   c o m p o n e n t s   w i l l   b e g i n   to  d e c o m p o s e   a n d  

p o s s i b l y   c h a r .   Thus  t h e   p r e f e r r e d   t e m p e r a t u r e   to  c o n d u c t  

t he   c r y s t a l l i z a t i o n   i s   l e s s   t h a n   2 0 0 ° C .  

The  r e a c t i o n   s l u r r i e s   u s e d   in  t he   p r e s e n t   p r o c e s s   h a v e  

t h e   f o l l o w i n g   m o l a r   r a t i o s   of  i n g r e d i e n t s  

The  a m o u n t   of  OH  e x p r e s s e d   a b o v e   in  mo le s   i s   t he   sum  o f  

t he   m o l e s   of  f r e e   a l k a l i   m e t a l   h y d r o x i d e   and  t he   m o l e s   o f  

f r e e   t e t r a p r o p y l a m m o n i u m   h y d r o x i d e .   The  t e r m   U  i s   1 / 9 6   o f  

the   sum  of  t he   number   of  m o l e s   of  Si  in  t he   r e a c t i n g  

m i x t u r e   m u l t i p l i e d   by  0 .8   p l u s   t h e   number   of  m o l e s   of  A l  

in  t h e   r e s u l t i n g   m i x t u r e .   In  t he   s y n t h e s i s   e s s e n t i a l l y  

a l l   of  t he   Q  c h a r g e d   to  t h e   r e a c t i o n   s l u r r y   b e c o m e s  

o c c l u d e d   in  t h e   r e a c t i o n   p r o d u c t .   The  u p p e r   amoun t   o f  

p o l y o l   g i v e n   a b o v e   i s   n o t   c r i t i c a l .   For  e x a m p l e   in  a  60  

SiO2  t o  1   A1203  s y s t e m   t h e   u p p e r   amoun t   of  p o l y o l  



would   be  61  m o l e s .   T h i s   is  c l e a r l y   e n o u g h .   A l t h o u g h   t h e  

a m o u n t   c o u l d   be  e x c e e d e d ,   t h e r e   i s   no  e c o n o m i c   or  p r o c e s s  

a d v a n t a g e   to   do  so  when  m a k i n g   s m a l l   s i z e   c r y s t a l l i t e s .  

ZSM-5  z e o l i t e s   can  be  p r o d u c e d   f rom  r e a c t a n t   s l u r r i e s  

w h e r e   t h e   m o l e   r a t i o   of  S i02   to   A 1 2 0 3  c a n   v a r y   f r o m  

a b o u t   5  up  to   any  h i g h e r   v a l u e .   We  have   o b t a i n e d   g o o d  

r e s u l t s   w h e r e   t he   r a t i o   r a n g e s   f r o m   b e t w e e n   20  to  120  w i t h  

a  more  p r e f e r r e d   r a t i o   r a n g e   b e i n g   a b o u t   40  to  80.   I n  

g e n e r a l ,   e s s e n t i a l l y   a l l   of  t he   a l u m i n a   u sed   in  t h e  

r e a c t i o n   m i x t u r e   e n d s   up  in  t he   p r o d u c t   z e o l i t e .   T h i s   i s  

no t   t h e   c a s e   w i t h   t h e   s i l i c a .   B e c a u s e   of  t he   h i g h  

a l k a l i n i t y   of  t he   r e a c t i o n   s y s t e m   some  of  t he   s i l i c a  

r e m a i n s   in   s o l u t i o n   in  t he   m o t h e r   l i q u o r .   The  s p e c i f i c  

p r o p o r t i o n   v a r i e s   d e p e n d i n g   on  t h e   s p e c i f i c   m i x t u r e s   a n d  

c o n d i t i o n s   u s e d .   In  t h e   S i02   to   A1203  r a t i o   r a n g e s  

of  a b o u t   20  to   a b o u t   120 ,   a p p r o x i m a t e l y   8 0  +   15%  of  t h e  

s i l i c a   e n t e r s   t he   p r o d u c t   z e o l i t e .  

our   p r e f e r r e d   m e t h o d   to  p r e p a r e   t h e   r e a c t i o n   s l u r r y   i s  

to   f i r s t   d i l u t e   t h e   s i l i c a   s o u r c e   ( s u c h   as  Ludox)   w i t h  

a b o u t   o n e - t h i r d   of  t he   r e q u i r e d   d e - i o n i z e d   w a t e r .   T h e  

s e e d i n g   m a t e r i a l   or  QBr  and  t h e   e t h y l e n e   g l y c o l   a r e   m i x e d  

w i t h   a n o t h e r   o n e - t h i r d   of  t h e   d e - i o n i z e d   w a t e r   and  t h i s  

m i x t u r e   i s   p o u r e d   i n t o   t he   d i l u t e   s i l i c a   p r o d u c t .  

F i n a l l y ,   t h e   s o d i u m   h y d r o x i d e   and  s o d i u m   a l u m i n a t e   a r e  

m i x e d   w i t h   t h e   r e m a i n d e r   of  t he   d e - i o n i z e d   w a t e r   and  t h i s  

m i x t u r e   i s   t h e n   a d d e d   w i t h   s t i r r i n g   to  t he   p r e v i o u s   t w o  

c o m p o n e n t s .   The  r e s u l t i n g   s l u r r y   is   m ixed   and  t r a n s f e r r e d  

to  a  s t i r r e d   a u t o c l a v e   fo r   s y n t h e s i s .  

The  ZSM-5  can  a l s o   be  p r o d u c e d   u s i n g   a  r e c y c l e   of  t h e  

m o t h e r   l i q u o r   to  a v o i d   w a s t e   of  v a l u a b l e   S i 0 2 ,   N a 2 0  
and  e t h y l e n e   g l y c o l .   As  m e n t i o n e d   e a r l i e r ,   a l t h o u g h  

e s s e n t i a l l y   a l l   of  t h e   Q  ion  and  a l l   of  t he   a l u m i n a  

c h a r g e d   to  t h e   r e a c t i o n   m i x t u r e   end  up  in  the   p r o d u c t ,   t h e  



s i l i c a   o n l y   r e a c t s   p a r t i a l l y   and  the   s o d a   and  e t h y l e n e  

g l y c o l   r e m a i n   in  e x c e s s .   A  good  p o r t i o n   of  t h i s   m o t h e r  

l i q u o r   c o n t a i n i n g   s i l i c a ,   soda   and  e t h y l e n e   g l y c o l   c a n  

r e a d i l y   be  s e p a r a t e d   f rom  the   p r o d u c t   and  r e c o v e r e d   b y  

f i l t r a t i o n .   When  u s i n g   the   m o t h e r   l i q u o r   to  make  a  n e w  

s y n t h e s i s   s l u r r y   a  f u l l   c o m p l e m e n t   of  a l u m i n a   and  QBr  a r e  

added   but   o n l y   a  f r a c t i o n   of  the   o r i g i n a l   a m o u n t s   o f  

s i l i c a ,   s o d i u m   h y d r o x i d e   and  e t h y l e n e   g l y c o l   need   b e  

a d d e d .   As  such   t h e   c o m p o s i t i o n   of  t h e   m a d e - u p   r e c y c l e  

s l u r r y   is  t he   same  as  t he   c o m p o s i t i o n   of  t he   i n i t i a l  

s l u r r y .   I f   a  d i f f e r e n t   s t a r t i n g   s l u r r y   c o m p o s i t i o n   i s  

d e s i r e d ,   t h i s   can  a l s o   be  a c h i e v e d   u s i n g   t he   r e c y c l e d  

m o t h e r   l i q u o r .   The  r e c y c l e   s cheme   may  be  r e p e a t e d  

n u m e r o u s   t i m e s   w i t h o u t   d e t r i m e n t   to  t h e   p r o p e r t i e s   a n d  

q u a l i t y   ( i n c l u d i n g   c r y s t a l l i t e   s i z e )   of  t he   r e s u l t i n g  

p r o d u c t .   As  shown  in  Example   9  n u m e r o u s   r e c y c l e   r u n s   c a n  

be  used   w i t h   b y - p r o d u c t   m o t h e r   l i q u o r   to  p r o d u c e   ZSM-5  o f  

h i g h   q u a l i t y   and  of  v e r y   s m a l l   c r y s t a l l i t e   s i z e   u s i n g  

e t h y l e n e   g l y c o l   and  o n l y   t r a c e   a m o u n t s   of  Q B r .  

The  c h a r a c t e r i z a t i o n   of  the   ZSM-5  p r o d u c t   f o r  

c r y s t a l l i n e   p u r i t y   and  d e g r e e   of  c r y s t a l l i n i t y   was  c a r r i e d  

ou t   u s i n g   s t a n d a r d   x - r a y   d i f f r a c t i o n   m e t h o d s   by  u s i n g   a  

N o r e l c o   X-Ray  D i f f r a c t o m e t e r   m a n u f a c t u r e d   by  P h i l i p s  

E l e c t r o n i c s ,   I n c .   (Model   1 2 0 4 5 B / 3 ) .  

A  powder   x - r a y   d i f f r a c t i o n   p a t t e r n   was  o b t a i n e d   u n d e r  

s t a n d a r d i z e d   c o n d i t i o n s   which   i n c l u d e   t h e   p a c k i n g   of  t h e  

z e o l i t e   p r o d u c t   and  t he   s e t t i n g s   of  t h e   i n s t r u m e n t  

c o n t r o l s .   The  p a t t e r n   was  e x a m i n e d   q u a l i t a t i v e l y   a n d  

q u a n t i t a t i v e l y .   The  q u a l i t a t i v e   e x a m i n a t i o n   i n c l u d e d  

e s t a b l i s h i n g   t h e   p r e s e n c e   of  a l l   t h e   c h a r a c t e r i s t i c  

d i f f r a c t i o n   l i n e s   of  ZSM-5  as  d e f i n e d   by  A r g a u e r   et  al  i n  

U.S.   P a t e n t   No.  3 , 7 0 2 , 8 8 6 .   ZSM-5  was  c o n s i d e r e d   t h e  



p r o d u c t   made  when  a l l   of  t h e   key  d i f f r a c t i o n   l i n e s   w e r e  

f o u n d   in  our   p r o d u c t   and  no  e x t r a n e o u s   l i n e s   w e r e  

o b s e r v e d .   The  a b s e n c e   of  f o r e i g n   x - r a y   d i f f r a c t i o n   l i n e s  

was  c o n s i d e r e d   i n d i c a t i v e   of  c r y s t a l l i n e   p u r i t y .  

The  q u a n t i t a t i v e   c h a r a c t e r i z a t i o n   of  our   p r o d u c t   w a s  

made  by  c o m p a r i n g   t h e   peak   h e i g h t   of  t h e   s t r o n g e s t  

d i f f r a c t i o n   l i n e   w h i c h   o c c u r s   a t   a  d - s p a c i n g   of  3 . 8 5  +  

0 . 0 7   A n g s t r o m   u n i t s   w i t h   t he   c o r r e s p o n d i n g   peak   h e i g h t   o f  

a  r e f e r e n c e   ZSM-5  m a t e r i a l   p r e p a r e d   by  t he   A r g a u e r   e t   a l  

p a t e n t .   The  r a t i o   of  t he   peak   h e i g h t   of  our   m a t e r i a l   t o  

t h e   peak  h e i g h t   of  t h e   r e f e r e n c e   m a t e r i a l   t i m e s   100  w a s  

t a k e n   as  t h e   %  c r y s t a l l i n i t y   of  our  m a t e r i a l .   W i t h i n   t h e  

e x p e r i m e n t a l   e r r o r   of  t h i s   m e t h o d ,   t h e   r e f e r e n c e   m a t e r i a l  

had  as  l a r g e   a  peak   h e i g h t   as  any  ZSM-5  m a t e r i a l   e x a m i n e d  

o v e r   s e v e r a l   y e a r s   of  r e s e a r c h .   T h e r e f o r e ,   t h a t   m a t e r i a l  

was  a s s i g n e d   100%  c r y s t a l l i n i t y .   A l t h o u g h   t h e   m e t h o d   u s e d  

i s   c o n v e n i e n t   and  p r o v i d e s   a  q u i c k   and  p r a c t i c a l  

d e t e r m i n a t i o n   of  t he   d e g r e e   of  c r y s t a l l i n i t y ,   i t   i s   n o t  

e x a c t   and  may  have   an  e r r o r   of  up  to   +  20%  of  t he   v a l u e  

d e t e r m i n e d   d e p e n d i n g   on  s e v e r a l   f a c t o r s .   For  e x a m p l e ,  

v e r y   s m a l l   c r y s t a l l i t e s   t e n d   to  g i v e   s o m e w h a t   w i d e  

d i f f r a c t i o n   p e a k s   w h i c h   o f t e n   r e s u l t s   in  s m a l l e r   p e a k  

h e i g h t s .  

T h e r e   i s   no  need   f o r   l a r g e   a m o u n t s   of  t h e   t e t r a p r o p y l  

ammonium  ion   t e m p l a t e   when  u s i n g   e t h y l e n e   g l y c o l   a c c o r d i n g  

to   t he   p r e s e n t   i n v e n t i o n .   In  f a c t ,   l a r g e   r e l a t i v e   a m o u n t s  

of  Q  a re   u n d e s i r a b l e   b e c a u s e   t h e s e   l a r g e   c a t i o n s   end  u p  

w i t h i n   t he   s t r u c t u r e   and  b l o c k   d i f f u s i o n   t h r o u g h   t h e  

p o r e s .   The  r e s u l t i n g   z e o l i t e   p r o d u c t   w o u l d   t h e n   r e q u i r e  

c a l c i n a t i o n   b e f o r e   t h e   s o d i u m   form  of  t h e   z e o l i t e   c o u l d   b e  

ion  e x c h a n g e d   to  t he   ammonium  and  e v e n t u a l l y   t he   h y d r o g e n  

form  fo r   c a t a l y t i c   a p p l i c a t i o n s .   H o w e v e r ,   t he   a d d i t i o n   o f  

a  s m a l l   a m o u n t   of  Q  i o n s   i s   n e c e s s a r y   in  our   s y s t e m s   s i n c e  



w i t h o u t   any  Q  i o n s   t he   c r y s t a l l i t e s   o b t a i n e d   can  be  v e r y  
l a r g e .  

The  u p p e r   l i m i t   fo r   t h e   a m o u n t   of  Q  i o n s   in  t h e  

r e a c t i o n   s l u r r y   or  mix  can  be  s p e c i f i e d   in  t e r m s   of  t h e  

n u m b e r   of  mo le s   of  Si  and  t h e   number   of  m o l e s   of  Al  in  t h e  

r e a c t i o n   s l u r r y .   We  d e f i n e   U  as  l / 9 6   of  t he   sum  of  t h e  

n u m b e r   of  mo les   of  Si  in  t h e   r e a c t i o n   m i x t u r e  m u l t i p l i e d  

by  0 .8   p l u s   the   number   of  m o l e s   of  Al  in  t he   r e a c t i o n  

m i x t u r e .   On  t h i s   b a s i s   t h e   number   of  m o l e s   of  t e t r a p r o p y l .  

ammonium  h a l i d e   or  h y d r o x i d e   u s e d   in  a  r e a c t i o n   s l u r r y   t o  

p r o v i d e   the   Q  i o n s   i s   l e s s   t h a n   0.8U  f o r   the   b r o a d   r a n g e ,  
l e s s   t h a n   0.6U  fo r   t he   p r e f e r r e d   r a n g e ,   and  l e s s   t h a n   0 . 4 U  

f o r   t h e   most   p r e f e r r e d   r a n g e .  

A  f u r t h e r   a d v a n t a g e   of  t h e   p r e s e n t   p r o c e s s   i s   i t s   v e r y  

h i g h   r e a c t i o n   t h r o u g h p u t   w h i c h   i s   p o s s i b l e   b e c a u s e   of  t h e  

h i g h   e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   in  t he   r e a c t i o n  

s l u r r y   c o u p l e d   w i t h   t he   r e l a t i v e l y   s h o r t   r e a c t i o n   t i m e .  

The  ZSM-5  z e o l i t e s   r e a d i l y   f o rm  in  t he   a u t o c l a v e   a t  

t e m p e r a t u r e s   of  a b o u t   175°C  in  l e s s   t h a n   8  h o u r s .  

The  e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   in  t he   r e a c t i o n  

s l u r r y   may  be  c a l c u l a t e d   a f t e r   t he   r e a c t i o n   is   c o m p l e t e d  

and  i s   e x p r e s s e d   as  t he   w e i g h t   p e r c e n t   of  ZSM-5  in  t h e  

s o d i u m   form  on  a  dry   b a s i s   o b t a i n e d   f rom  a  r e a c t i o n  

s l u r r y .   I t   is   e q u a l   to  100  t i m e s   t h e   s u m m a t i o n   of  t h e  

w e i g h t   of  S i 0 2 ,   A1203 ,   and  e q u i v a l e n t   Na20  in  t h e  

z e o l i t e   p r o d u c t   d i v i d e d   by  t h e   w e i g h t   of  t he   i n i t i a l  

r e a c t i o n   s l u r r y .  

The  r e a c t o r   ( a u t o c l a v e )   t h r o u g h p u t   is   t he   w e i g h t   o f  

p r o d u c t   p r e p a r e d   per  u n i t   of  r e a c t o r   ( a u t o c l a v e )   v o l u m e  

per   u n i t   t i m e .   I t   i s   a  v e r y   i m p o r t a n t   p a r a m e t e r   s i n c e   i t  

m e a s u r e s   t he   p r o d u c t i v i t y   r a t e   t h r o u g h   the   mos t   c a p i t a l  
i n t e n s i v e   u n i t   o p e r a t i o n   in  t h e   p r o c e s s ,   n a m e l y ,   t h e  

a u t o c l a v i n g   s t e p .   The  r e a c t o r   ( a u t o c l a v e )   t h r o u g h p u t ,   o r  



s i m p l y   t h e   t h r o u g h p u t ,   may  be  e x p r e s s e d   in  v a r i o u s   u n i t s .  

We  s h a l l   use   the   f o l l o w i n g   u n i t s   and  s p e c i f i c   d e f i n i t i o n  

to  d e s c r i b e   our  p r o c e s s :  

T h r o u g h p u t   is   t h e   w e i g h t   in  K i l o g r a m s   of  t h e   ZSM-5 

p r o d u c t   o b t a i n e d ,   e x p r e s s e d   on  a  dry   b a s i s   and  n o r m a l i z e d  

to  t h e   p u r e   s o d i u m   f o r m ,   p e r   c u b i c   m e t e r   of  r e a c t o r  

( a u t o c l a v e )   vo lume   pe r   d a y .  

For  e x a m p l e ,   t he   " t h r o u g h p u t "   in  an  a u t o c l a v i n g   s t e p  
in  w h i c h   360  grams  of  e q u i v a l e n t   dry   b a s i s   s o d i u m   ZSM-5  i s  

o b t a i n e d   in  an  a u t o c l a v i n g   s t e p   l a s t i n g   6  h o u r s   in  a n  

a u t o c l a v e   v o l u m e   of  2400  cm3  w i l l   b e :  

The  s c a n n i n g   e l e c t r o n   m i c r o s c o p e   i s   u s e d   to  s e c u r e  

s c a n n i n g   e l e c t r o n   m i c r o g r a p h s   (SEM)  of  t he   ZSM-5  z e o l i t e  

p r o d u c t   w i t h   m a g n i f i c a t i o n s   in  t he   r a n g e   of  f rom  a b o u t  

1 , 0 0 0   to   a b o u t   1 0 0 , 0 0 0 .   S u b m i c r o n   c r y s t a l l i t e s   of  ZSM-5 

p r o d u c t s   a r e   c l e a r l y   p h o t o g r a p h e d   and  m e a s u r e d   by  SEM  i n  

1 0 , 0 0 0 - t i m e s   m a g n i f i c a t i o n   and  g r e a t e r .  

The  s o u r c e s   fo r   t he   m a j o r   r e a c t a n t s   u s e d   in  o u r  

s y n t h e s i s   of  ZSM-5  z e o l i t e s   a r e   g i v e n   b e l o w .  

The  s o u r c e   of  s i l i c a   u s e d   in  the   s y n t h e s i s   can  b e  

s i l i c a   g e l   or  s i l i c a   h y d r o g e l   m a n u f a c t u r e d   by  D a v i s o n  

C h e m i c a l   C o . ,   a  d i v i s i o n   of  W.  R.  G r a c e   &  C o . ;   a n o t h e r  

t y p e   of   s i l i c a   ge l   i s   H i - S i l   m a n u f a c t u r e d   by  P i t t s b u r g h  

P l a t e   G l a s s ;   Ludox ,   a  c o l l o i d a l   s i l i c a   s o l   m a n u f a c t u r e d   b y  

D u p o n t ;   fumed  s i l i c a   s u c h   as  C a b o s i l   m a n u f a c t u r e d   by  C a b o t  

C o r p . ,   a n o t h e r   t y p e   of  fume  s i l i c a   is   t he   b y - p r o d u c t   o f  

t he   f e r r o - s i l i c o n   i n d u s t r y   w h i c h   is   w i d e l y   a v a i l a b l e   i n  

i n d u s t r y ;   s o d i u m   s i l i c a t e   w h i c h   is  known  as  w a t e r g l a s s   a n d  

is   r e a d i l y   a v a i l a b l e   c o m m e r c i a l l y   ( i t   may  a l s o   be  a  s o u r c e  

of  s o d a ) ;   and  any  o t h e r   fo rm  of  r e a c t i v e   s i l i c a .  



Sodium  h y d r o x i d e   i s   a  s o u r c e   of  soda   and  i t   i s   a l s o   a  

c o m m o d i t y   c h e m i c a l   w h i c h   i s   c o m m e r c i a l l y   a v a i l a b l e .  

Sod ium  s i l i c a t e   or  w a t e r   g l a s s   is   o f t e n   u sed   as  a  

s o u r c e   of  s o d a  a n d   s i l i c a .  

The  s o u r c e   of  a l u m i n a   can  be  s o d i u m   a l u m i n a t e ,  

a l u m i n u m   s u l f a t e ,   or  any  o t h e r   form  of  r e a c t i v e   a l u m i n a .  

The  p o l y o l s   w h i c h   may  be  used   e i t h e r   a l o n e   or  i n  

c o m b i n a t i o n   i n c l u d e   e t h y l e n e   g l y c o l ,   p r o p a n e d i o l s ,  

b u t a n e d i o l s ,   h e x a n e d i o l s ,   d i e t h y l e n e   g l y c o l ,  

t r i e t h y l e n e g l y c o l ,   p o l y e t h y l e n e   g l y c o l s ,   g l y c e r o l ,   a n d  

p o l y s a c c h a r i d e s .  

E t h y l e n e   g l y c o l   i s   a  c o m m o d i t y   c h e m i c a l   a v a i l a b l e   f r o m  

many  s o u r c e s   and  i t   i s   made  by  Baker   and  o t h e r   c o m p a n i e s .  

The  s o u r c e   of  t e t r a p r o p y l a m m o n i u m   c a t i o n s   can  b e  

t e t r a p r o p y l a m m o n i u m   h a l i d e s   such   as  t he   b r o m i d e   o r  

t e t r a p r o p y l a m m o n i u m   h y d r o x i d e   wh ich   a r e   a v a i l a b l e   f r o m  

E a s t m a n   Kodak  Co.  and  o t h e r   c o m p a n i e s   or  in  t he   c a s e   o f  

t h e   h a l i d e   w h i c h   may  be  t h e   r e s u l t i n g   p r o d u c t   of  t h e  

r e a c t i o n   of  a  p r o p y l   h a l i d e   and  t r i p r o p y l a m i n e .  

The  ZSM-5  made  by  t h e   p r e s e n t   p r o c e s s   can  be  d i r e c t l y  

u s e d   to   make  a  c a t a l y s t .   The  r e a c t i o n   s l u r r y   m a d e  

a c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n   is   h e a t e d   a t   a  

t e m p e r a t u r e   of  f rom  a b o u t   1 5 0 - 2 0 0 ° C   f o r   l e s s   t h a n   24  h o u r s  

to   p r o d u c e   a  ZSM-5  z e o l i t e   and  a  m o t h e r   l i q u o r .   T h e  

r e a c t i o n   m a t e r i a l s   a r e   c o o l e d   and  f i l t e r e d   to   o b t a i n   t h e  

z e o l i t e   r e a c t i o n   p r o d u c t .   The  f i l t e r e d   z e o l i t e   i s   w a s h e d  

and  c a t i o n   e x c h a n g e d .   The  e x c h a n g e   may  be  made  w i t h  

NH4,  H+,  l a n t h a n i d e   or  o t h e r   d e s i r e d   c a t i o n s   a s  

w e l l   as  w i t h   m i x t u r e s   of  t h e s e .   The  e x c h a n g e d   z e o l i t e   i s  

b l e n d e d   w i t h   a  m a t r i x   m a t e r i a l   and  f o r m e d   i n t o   a  

p a r t i c l e .   The  f o r m e d   p a r t i c l e   is  d r i e d   and  c a l c i n e d   t o  

y i e l d   a  ZSM-5  z e o l i t e   c o n t a i n i n g   c a t a l y s t .  



H a v i n g   d e s c r i b e d   t he   b a s i c   a s p e c t s   of  our   i n v e n t i o n ,  

t h e   f o l l o w i n g   e x a m p l e s   a r e   g i v e n   to  i l l u s t r a t e   s p e c i f i c  

e m b o d i m e n t s   t h e r e o f .  

E x a m p l e   1 

T h i s   e x a m p l e   i l l u s t r a t e s   the   s y n t h e s i s   of  z e o l i t e  

ZSM-5  u s i n g   e t h y l e n e   g l y c o l   and  a  s m a l l   a m o u n t   o f  

t e t r a p r o p y l   ammonium  ion  (Q)  u s i n g   a  s e e d i n g   m a t e r i a l  

a c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n .  

A  s e e d i n g   m a t e r i a l   p o o l   was  p r e p a r e d   c o n t a i n i n g   3 . 2 0   g 
s o d i u m   a l u m i n a t e   (20%  A 1 2 0 3 ,   17%  N a 2 0 ) ,   9 4 8 . 3   g  
Ludox  ( H S - 4 0 )   c o n t a i n i n g   39.8%  S i 0 2 ,   4 3 . 6   g  of  50%  NaOH 

s o l u t i o n ,   5 0 . 2   g  t e t r a p r o p y l   ammonium  b r o m i d e   ( Q B r ) ,   a n d  

2 7 9 1 . 6   g  d e i o n i z e d   w a t e r .   T h i s   m i x t u r e   was  h e a t e d   f o r   6 

h o u r s   a t   8 0 ° C . ,   a f t e r   w h i c h   i t   was  c o o l e d   and  s t o r e d   f o r  

f u t u r e   u s e .   T h i s   s y s t e m   was  d e n o t e d   " S e e d   M a t e r i a l "   a n d  

e x h i b i t e d   a  c o m p o s i t i o n   e x p r e s s e d   in  m o l e s   of  a b o u t  

1000  S i 0 2 :   A l2O3:   45  Na20:  3 0 , 0 0 0   H20:  30  Q B r .  

N e x t ,   a  r e a c t i o n   m i x t u r e   was  p r e p a r e d   by  w e i g h i n g   o u t  

t he   f o l l o w i n g   i n g r e d i e n t s :   150  g  of  " S e e d   M a t e r i a l , "   2 4 . 0  

g  s o d i u m   a l u m i n a t e ,   3 8 8 . 1   g  Ludox  H S - 4 0 ,   3 2 . 8   g  50%  NaOH 

s o l u t i o n ,   2 9 . 1   g  e t h y l e n e   g l y c o l   (EG)  and  2 9 9 . 7   g 
d e i o n i z e d   w a t e r .   Abou t   o n e - t h i r d   of  t h e   d e - i o n i z e d   w a t e r  

was  a d d e d   to   t h e   L u d o x .   Then  the   e t h y l e n e   g l y c o l   and  t h e  

150  g  of  " S e e d   M a t e r i a l "   were   mixed   t o g e t h e r   w i t h   a n o t h e r  

o n e - t h i r d   of  t h e   d e - i o n i z e d   w a t e r .   T h i s   m i x t u r e   was  t h e n  

a d d e d   to  t h e   d i l u t e d   Ludox .   F i n a l l y ,   t h e   s o d i u m   h y d r o x i d e  

and  the   s o d i u m   a l u m i n a t e   were   mixed   w i t h   t h e   r e m a i n i n g  

d e - i o n i z e d   w a t e r   and  t h e n   a d d e d   i n t o   t h e   Ludox  m i x t u r e .  

The  r e s u l t i n g   s y s t e m   c o n t a i n e d   the   f o l l o w i n g   w e i g h t s   o f  

i n g r e d i e n t s :  



The  d e n s i t y   of  t he   mix  was  a b o u t   1 .16   g/cm3  and  i t s  

v o l u m e   was  a b o u t   796  cm3.  The  c o m p o s i t i o n   e x p r e s s e d   i n  

m o l e s   r e l a t i v e   to   A l 2 O 3  w a s :  
5 9 . 6   S i O 2 : A l 2 O 3 : 5 . 9 6   N a 2 0 : 8 2 3   H 2 0 : 9 . 9 2   EG:  0 . 1 5 6   Q B r .  

The  r e s u l t i n g   s l u r r y   was  mixed   by  hand  s t i r r i n g   and  t h e n  

i m m e d i a t e l y   h e a t e d   in  a  s t i r r e d   a u t o c l a v e   u n t i l   i t   r e a c h e d  

a b o u t   175°C  w h i c h   took   u n d e r   0 .5   h o u r .   The  t e m p e r a t u r e  

was  t h e n   m a i n t a i n e d   fo r   7 .5   h o u r s   a t   a b o u t   1 7 5 ° C .   T h e  

r e s u l t a n t   p r o d u c t   was  c o o l e d   to   room  t e m p e r a t u r e ,   r e m o v e d ,  

f i l t e r e d ,   w a s h e d   u s i n g   1  l i t e r   of  warm  d e i o n i z e d   w a t e r   a n d  

d r i e d   o v e r n i g h t   a t   120°C.   The  p r o d u c t   w e i g h e d   147  g.  T h e  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   was  c a l c u l a t e d   to  be  1 5 . 9  

w e i g h t   p e r c e n t .  

A  p o r t i o n   of  t h i s   p r o d u c t   was  s u b j e c t e d   to  p o w d e r  

x - r a y   d i f f r a c t i o n   a n a l y s i s   and  i d e n t i f i e d   as  p u r e   ZSM-5 

w i t h   a  d e g r e e   of  c r y s t a l l i n i t y   of  100%.  The  s a m p l e  

p r e p a r e d   was  c o n s i d e r e d   to   be  e s s e n t i a l l y   p u r e   ZSM-5  i n  

t he   s o d i u m   fo rm  a l t h o u g h   i t   c o n t a i n e d   a  t r a c e   of  Q  i o n s .  

From  t h e s e   d a t a ,   t he   a u t o c l a v e   t h r o u g h p u t   w a s  

c a l c u l a t e d   to  be  a b o u t   554  K g / m 3 / d a y .   C h e m i c a l   a n a l y s i s  

of  t he   p r o d u c t   g a v e :  
91.50%  S i O 2 ,   3.30%  A1203:   2.40%  Na20  and  0.93%  C .  

The  c o m p o s i t i o n   of  t he   a s - p r e p a r e d - a n d - w a t e r - w a s h e d  

p r o d u c t ,   e x p r e s s e d   in  m o l e s   was  a b o u t :  



4 7 . 1   S i O 2 : A l 2 O 3 : 1 . 2 0   N a 2 0 : 2 . 4 0   C .  

The  c o n c e n t r a t i o n   of  Al203  ( 3 . 3 0 % )   c o u p l e d   w i t h   t h e  

w e i g h t   of  s a m p l e   p r e p a r e d   (147  g)  was  used   to  c a l c u l a t e  

t he   w e i g h t   of  a l u m i n a   in  t he   z e o l i t e   ( 4 . 8 5 1   g)  w h i c h ,  

w i t h i n   n o r m a l   e x p e r i m e n t a l   a n a l y t i c a l   e r r o r s ,   c o r r e s p o n d e d  

to  t h e   w e i g h t   of  A 1 2 0 3  i n   t he   s o d i u m   a l u m i n a t e   u s e d   i n  

the   p r e p a r a t i o n   ( 4 . 8 2 5   g ) .   In  o t h e r   w o r d s ,   t he   A 1 2 0 3  
r e a c t e d   q u a n t i t a t i v e l y .  

In  t h e   c a s e   of  S iO2 ,   h o w e v e r ,   o n l y   a b o u t   1 3 4 . 5   g  

e n d e d   up  in  t he   z e o l i t e .   T h i s   a m o u n t   r e p r e s e n t e d   a b o u t  

80%  of  t he   s t a r t i n g   w e i g h t   of  SiO2  u s e d   ( 1 6 9 . 2   g ) .  

About   3 4 . 7   g  r e m a i n e d   in  s o l u t i o n   in  t he   m o t h e r   l i q u o r  

t o g e t h e r   w i t h   much  of  t h e   Na20  e m p l o y e d .   The  m o t h e r  

l i q u o r   c o n t a i n e d   a b o u t   1 3 . 9 4   g  of  t he   1 7 . 4 7   g  of  N a 2 0  
c h a r g e d   to  t he   r e a c t o r .  

The  m o t h e r   l i q u o r   a l s o   c o n t a i n e d   most   of  t he   b r o m i d e  

ion  f rom  t h e   QBr  as  w e l l   as  e t h y l e n e   g l y c o l   a n d ,   o f  

c o u r s e ,   w a t e r ,   bu t   d id   n o t   c o n t a i n   Q  i o n s .  

T h e  p r o d u c t   was  t h e n   i o n - e x c h a n g e d   w i t h   2%  NH4NO3 
a q u e o u s   s o l u t i o n ,   f o l l o w e d   by  a  warm  w a t e r   r i n s e   and  d r i e d  

a t   1 2 0 ° C .   Upon  a n a l y s i s ,   t he   r e s u l t i n g   c h e m i c a l  

c o m p o s i t i o n   was  f o u n d   to  b e  

The  a n a l y s i s   of  c a r b o n   showed   t h a t   t he   amount   of  c a r b o n  

c o n t a i n e d   in  t he   e x c h a n g e d   z e o l i t e   c o r r e s p o n d e d   w i t h i n  

n o r m a l   e x p e r i m e n t a l   a n a l y t i c a l   e r r o r s   to  the   c a r b o n   in  t h e  

a m o u n t   of  QBr  e m p l o y e d   to  p r e p a r e   t he   s a m p l e .   In  o t h e r  



words   a l l   of  t he   Q  ion  c h a r g e d   to  t h e   a u t o c l a v e   e n d e d   u p  
o c c l u d e d   w i t h i n   t h e   ZSM-5  z e o l i t e   s t r u c t u r e .  

The  a n a l y t i c a l   d a t a   of  t h e   a s - p r e p a r e d   z e o l i t e   and  o f  

t he   ammonium  e x c h a n g e d   s a m p l e ,   c o u p l e d   w i t h   t he   s t a r t i n g  

w e i g h t s   and  t h e   w e i g h t   of  z e o l i t e   o b t a i n e d ,   were   u s e d   t o  

c o m p u t e   t he   c o m p o s i t i o n   of  t h e   a v e r a g e   u n i t   c e l l   of  t h e  

two  z e o l i t e s   as  per   F o r m u l a   ( 2 ) .  

For  t he   a s - p r e p a r e d - a n d - w a t e r - w a s h e d   s a m p l e ,   we 

o b t a i n e d :  

The  s o d i u m   and  c a r b o n   a n a l y s e s   i n d i c a t e d   t h a t   t h i s  

s a m p l e   i n c l u d e d ,   b e s i d e s   t he   c o m p o s i t i o n   s h o w n ,   some  f r e e  

NaOH  and  e t h y l e n e   g l y c o l   w i t h i n   i t s   s t r u c t u r e   ( p r o b a b l y  

due  to   i n s u f f i c i e n t   w a t e r   w a s h i n g ) .  

The  o c c l u d e d   Q  i o n s   b l o c k e d   o n l y   0 . 3 1   ou t   of  f o u r  

i n t e r s e c t i o n s   or  a b o u t   7.8%  of  a l l   t h e   i n t e r s e c t i o n s  

w i t h i n   t he   s t r u c t u r e .   The  b a l a n c e ,   or  a p p r o x i m a t e l y   92% 

of  the   i n t e r s e c t i o n s ,   r e m a i n e d   open  to   d i f f u s i o n   a n d  

f l o w .   The  " o p e n "   n a t u r e   of  t h e   p o r o u s   n e t w o r k   was  t h e  

f u n d a m e n t a l   r e a s o n   why  the   s a m p l e   c o u l d   be  ion  e x c h a n g e d  

w i t h o u t   p r i o r   c a l c i n a t i o n   to  r e m o v e   e x c e s s i v e   l e v e l s   o f  

b l o c k i n g   Q  i o n s .  

For  t he   ammonium  e x c h a n g e d   s a m p l e ,   t he   s y m b o l i c  

r e p r e s e n t a t i o n   of  t he   a v e r a g e   u n i t   c e l l   w a s :  

wh ich   showed  t h a t   t he   z e o l i t e   e x i s t e d   e s s e n t i a l l y   in  t h e  

p u r e   NH4  f o r m .   Less   t h a n   1%  of  the   a c i d   s i t e s   were   in  t h e  
Na+  f o r m .   The  s i l i c o n   to  a l u m i n u m   r a t i o   was ,   w i t h i n  

n o r m a l   e x p e r i m e n t a l   e r r o r s ,   t he   same  as  t he   p a r e n t  

z e o l i t e .   The  number   of  o c c l u d e d   Q  i o n s   ( 0 . 2 9 )   was  a l s o  



e s s e n t i a l l y   t he   v a l u e   ( 0 . 3 1 )   o b t a i n e d   f o r   t h e   p a r e n t  

s a m p l e .  

A  p o r t i o n   of  t h e   ammonium  form  of  t h e   p r o d u c t   w e i g h i n g  

a b o u t   5  g  was  p l a c e d   in  a  c r u c i b l e   and  c a l c i n e d   in  a i r   t o  

c o n v e r t   i t   to  t he   c a t a l y t i c a l l y   a c t i v e   H+  f o r m .  

C a l c i n a t i o n   was  c a r r i e d   ou t   a t   1000°F   f o r   3  h o u r s .   A 

w e i g h t   l o s s   of  a b o u t   4%  was  m e a s u r e d ,   w h i c h   was  a t t r i b u t e d  

to  t h e   d e c o m p o s i t i o n   of  t he   NH4  i o n s   to  NH3  gas   a n d  

H+,  t h e   o x i d a t i o n   and  d e c o m p o s i t i o n   of  t h e   Q  i o n s   t o  

CO2,  H20  and  N2  and  t h e   e v a p o r a t i o n   of  t h e   w a t e r  

s t i l l   p r e s e n t   in  t h e   s a m p l e .   The  f i n a l   p r o d u c t   i s  

e s s e n t i a l l y   r e p r e s e n t e d   b y :  

P h o t o g r a p h s   of  t he   p r o d u c t   t a k e n   by  S c a n n i n g   E l e c t r o n  

M i c r o s c o p y   (SEM)  s h o w e d   a g g r e g a t e s   of  c r y s t a l l i t e s   r a n g i n g  

in  s i z e   f rom  a b o u t   0 .1   to   0 .3   m i c r o m e t e r .  

T h i s   e x a m p l e   shows   t h a t   t he   p r o c e s s   a c c o r d i n g   to  t h e  

p r e s e n t   i n v e n t i o n   p r o d u c e s   a  ZSM-5  z e o l i t e   h a v i n g   a  v e r y  

h i g h   d e g r e e   of  c r y s t a l l i n i t y   and  e x c e l l e n t   c r y s t a l l i n e  

p u r i t y .   The  v e r y   s m a l l   c r y s t a l l i t e s   a r e   p r o d u c e d   u s i n g  

o n l y   t r a c e s   of  QBr  w h i c h   a l l o w s   f o r   e a s y   e x c h a n g e   of  t h e  

s o d i u m   w i t h o u t   t he   n e e d   of  any  p r e c a l c i n a t i o n .   The  c o s t  

of  t h e   r e a c t a n t s   u s e d   i s   low,   t h e   t h r o u g h p u t   of  m a t e r i a l  

in  t h e   p r o c e s s   is   v e r y   h i g h ,   t he   p r o c e s s   d o e s   no t   g e n e r a t e  

n o x i o u s   w a s t e s   and  i s   t h e r e f o r e   a  s u p e r i o r ,   p r a c t i c a l   a n d  

e c o n o m i c a l   i n d u s t r i a l   p r o c e s s   to  m a n u f a c t u r e   ZSM-5 .  

E x a m p l e   2 

T h i s   e x a m p l e   i l l u s t r a t e s   t he   s y n t h e s i s   of  z e o l i t e  

ZSM-5  u s i n g   e t h y l e n e   g l y c o l   and  a  s m a l l   a m o u n t   of  Q 

a c c o r d i n g   to  the   p r e s e n t   i n v e n t i o n .  

A  r e a c t i o n   m i x t u r e   was  p r e p a r e d   by  w e i g h i n g   out   t h e  

f o l l o w i n g   i n g r e d i e n t s :   1 . 95   g  t e t r a p r o p y l   ammonium  b r o m i d e  



(QBr)  c r y s t a l s ,   24 .0   g  s o d i u m   a l u m i n a t e   s o l u t i o n   (20% 

A1203  and  17%  N a 2 0 ) ,   4 2 5 . 8   g  Ludox  HS-40  ( 3 9 . 8 %  

S i 0 2 ) ,   3 4 . 6   g  50%  NaOH  s o l u t i o n ,   23 .3   g  e t h y l e n e   g l y c o l  

(EG)  and  3 8 5 . 2   g  d e i o n i z e d   w a t e r .   About   o n e - t h i r d   of  t h e  

d e i o n i z e d   w a t e r   was  a d d e d   to  t h e   Ludox .   The  1 . 9 5   g  QBr 

was  d i s s o l v e d   in  a n o t h e r   o n e - t h i r d   of  t he   d e i o n i z e d   w a t e r  

and  t h e n   mixed   w i t h   t h e   e t h y l e n e   g l y c o l .   T h i s   m i x t u r e   w a s  

t h e n   a d d e d   to  the   d i l u t e d   L u d o x .   F i n a l l y ,   t h e   s o d i u m  

h y d r o x i d e   and  the   s o d i u m   a l u m i n a t e   were   m i x e d   w i t h   t h e  

r e m a i n i n g   d e i o n i z e d   w a t e r   and  t h e n   added   i n t o   t he   p r e v i o u s  

m i x t u r e .   The  r e s u l t i n g   s l u r r y   w e i g h e d   a b o u t   895  g ,  
e x h i b i t e d   a  d e n s i t y   of  a b o u t   1 . 1 6   g/cm3  and  a  v o l u m e   o f  

a b o u t   772  cm3.  I t   had  a  c o m p o s i t i o n   e x p r e s s e d   in  m o l e s  

of  a b o u t :  

60  S i 0 2 :   Al2O3:  6  Na20:   800  H20:  8  EG:  0 . 1 5 5   Q B r .  

The  r e s u l t i n g   s l u r r y   was  mixed   by  hand  s t i r r i n g   and  t h e n  

i m m e d i a t e l y   h e a t e d   in  a  s t i r r e d   a u t o c l a v e   u n t i l   i t   r e a c h e d  

a b o u t   175°C  wh ich   t o o k   u n d e r   0 .5   h o u r .   The  t e m p e r a t u r e  

was  t h e n   m a i n t a i n e d   f o r   7 .5   h o u r s   a t   a b o u t   1 7 5 ° C .   T h e  

r e s u l t a n t   p r o d u c t   was  c o o l e d   to   room  t e m p e r a t u r e ,   r e m o v e d ,  

f i l t e r e d ,   w a s h e d   u s i n g   1  l i t e r   of  warm  d e i o n i z e d   w a t e r   a n d  

d r i e d   o v e r n i g h t   at  1 2 0 ° C .   The  p r o d u c t   w e i g h e d   126  g.  T h e  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   was  c a l c u l a t e d   to  b e  

14.1%  and  t h e   a u t o c l a v e   t h r o u g h p u t   a b o u t   490  K g / m 3 / d a y .  

A  p o r t i o n   of  t h i s   p r o d u c t   was  s u b j e c t e d   to   p o w d e r  

x - r a y   d i f f r a c t i o n   a n a l y s i s   and  f o u n d   to  be  p u r e   ZSM-5 

c r y s t a l s   w i t h   a  d e g r e e   of  c r y s t a l l i n i t y   of  a b o u t   1 0 0 % .  

The  s a m p l e   was  e x a m i n e d   by  SEM  and  f o u n d   to  c o n s i s t   o f  

s m a l l   a g g r e g a t e s   of  c r y s t a l l i t e s   of  a b o u t   0 . 1 - 0 . 3  

m i c r o m e t e r   s i z e .   C h e m i c a l   a n a l y s i s   showed  91.0%  S i O 2 .  
3.81%  A1203 ,   2.90%  Na20  and  0 .88%C.   The  c o m p o s i t i o n  

of  t h e   p r o d u c t   e x p r e s s e d   in  t e r m s   of  one  u n i t   c e l l   w a s  

c a l c u l a t e d   to  b e :  



E x a m p l e   3 

The  p r o d u c t   o b t a i n e d   in  Example   2  is   d i r e c t l y  

i o n - e x c h a n g e d   w i t h   2%  NH4N03  s o l u t i o n ,   f o l l o w e d   by  a  

warm  w a t e r   wash  and  d r i e d   a t   120°C .   Upon  a n a l y s i s ,   t h e  

r e s u l t i n g   c h e m i c a l   c o m p o s i t i o n   e x p r e s s e d   in  t e r m s   of  o n e  

u n i t   c e l l   is   c a l c u l a t e d   to   be  e s s e n t i a l l y :  

wh ich   c o r r e s p o n d s   to  an  open   p o r o u s   s t r u c t u r e   e s s e n t i a l l y  

in  t he   ammonium  f o r m .   The  p r o d u c t   i s   c a l c i n e d   a t   1 0 0 0 ° F  

in  a i r   f o r   a  p e r i o d   of  3  h o u r s   and  i t   l o o s e s   ammonia   a n d  

t h e   Q  i o n s   a r e   b u r n t   o f f   to   y i e l d   a  f i n a l   p r o d u c t   f o r  

c a t a l y s t   use   r e p r e s e n t e d   b y :  

The  f o l l o w i n g   E x a m p l e s   4-6  show  o t h e r   ZSM-5  p r o d u c t s  

made  w i t h   v a r y i n g   s i l i c a   to   a l u m i n a   r a t i o s .  

E x a m p l e   4 

A  r e a c t i o n   s l u r r y   was  p r e p a r e d   u s i n g   the   g e n e r a l  

m e t h o d   of  E x a m p l e   2,  b u t   w i t h   a  r e a c t i o n   s l u r r y  

c o m p o s i t i o n   e x p r e s s e d   in  r e l a t i v e   m o l e s   of  a b o u t :  

30  S i 0 2 :   A l 2 O 3  :  3   Na20:  400  H 2 0 :  4   EG:  0 . 0 7 7   Q B r .  

The  a m o u n t   of  a l u m i n a   was  e s s e n t i a l l y   d o u b l e d .   P o w d e r  

x - r a y   d i f f r a c t i o n   a n a l y s i s   of  t he   f i n a l   p r o d u c t   s h o w e d  

p u r e   ZSM-5  z e o l i t e .  

E x a m p l e   5 

A  r e a c t i o n   s l u r r y   was  p r e p a r e d   u s i n g   the   g e n e r a l  

m e t h o d   of  E x a m p l e   2,  b u t   w i t h   a  r e a c t i o n   s l u r r y  

c o m p o s i t i o n   e x p r e s s e d   in  r e l a t i v e   m o l e s   of  a b o u t :  

20  S i 0 2 :   Al2O3:   2  Na2O:  267  H20:  2 .67   EG:  0 . 0 5 2   QBr 



The  a m o u n t   of  a l u m i n a   was  a b o u t   t r i p l e d .   A g a i n ,   p o w d e r  

x - r a y   d i f f r a c t i o n   a n a l y s i s   of  t h e   f i n a l   p r o d u c t   s h o w e d  

p u r e   ZSM-5  z e o l i t e .  

E x a m p l e   6 

A  r e a c t i o n   s l u r r y   was  p r e p a r e d   u s i n g   t he   g e n e r a l  

m e t h o d   of  E x a m p l e   1,  b u t   w i t h   a  r e a c t i o n   s l u r r y  

c o m p o s i t i o n   e x p r e s s e d   in  r e l a t i v e   m o l e s   of  a b o u t :  

120  S i 0 2 :   1  A1203:   16  Na20:  1600  H20:  16  EG:  0 . 3 1   QBr 

Powder   x - r a y   d i f f r a c t i o n   of  t h e   f i n a l   p r o d u c t   showed   p u r e  
ZSM-5  z e o l i t e .  

E x a m p l e   7 

T h i s   e x a m p l e   i l l u s t r a t e s   t h e   i m p o r t a n c e   of  a  s m a l l  
a m o u n t   of  QBr  in   m a k i n g   s m a l l   c r y s t a l l i t e   s i z e   ZSM-5 

z e o l i t e .  

A  r e a c t i o n   s l u r r y   was  p r e p a r e d   f o l l o w i n g   the   g e n e r a l  

m e t h o d   d e s c r i b e d   in  E x a m p l e   2,  b u t   w i t h   a  r e a c t i o n   s l u r r y  

c o m p o s i t i o n   e x p r e s s e d   in  r e l a t i v e   m o l e s   of  a b o u t :  

60  S iO2:   A1203:   4 .5   Na20:  800  H2O:  10  EG:  0 . 1 5 5   QBr 

Powder   x - r a y   d i f f r a c t i o n   of  t he   f i n a l   p r o d u c t   showed   p u r e  
ZSM-5  z e o l i t e   of  e x c e l l e n t   d e g r e e   of  c r y s t a l l i n i t y .  

E x a m i n a t i o n   of  t h e   p r o d u c t   by  S c a n n i n g   E l e c t r o n   M i c r o s c o p y  

showed   i t   to  c o n s i s t   of  a g g r e g a t e s   of  s m a l l   c r y s t a l l i t e s  

of  a b o u t   0 .3   m i c r o m e t e r   s i z e .  

In  c o n t r a s t   a  s a m p l e   p r e p a r e d   i d e n t i c a l l y ,   e x c e p t   t h a t  

the   QBr  i n g r e d i e n t   was  d e l i b e r a t e l y   d e l e t e d   f rom  t h e  

r e a c t i o n   s l u r r y ,   r e v e a l e d   by  SEM  e x a m i n a t i o n   l a r g e   s i z e  

ZSM-5  c r y s t a l l i t e s ,   n a m e l y ,   a b o u t   3 .0  m i c r o m e t e r s .   I n  

e v e r y   o t h e r   key  r e s p e c t   t he   two  s a m p l e s   were   e s s e n t i a l l y  

the   s a m e .  

E x a m p l e   8 

T h i s   e x a m p l e   i l l u s t r a t e s   t h e   e f f e c t   of  t he   a d d i t i o n   o f  

ZSM-5  s e e d s   in  t h e   p r e p a r a t i o n   of  t he   ZSM-5  Z e o l i t e   u s i n g  

e t h y l e n e   g l y c o l .  



A  r e a c t i o n   s l u r r y   was  p r e p a r e d   u s i n g   the   g e n e r a l  

m e t h o d   d e s c r i b e d   in  E x a m p l e   2  e x c e p t   t h a t   in  p l a c e   of  t h e  

QBr  s o l u t i o n ,   ZSM-5  s e e d s   were  u s e d   to  form  a  r e a c t i o n  

s l u r r y   c o m p o s i t i o n   e x p r e s s e d   in  r e l a t i v e   m o l e s   of  a b o u t :  

60  S i 0 2 : A 1 2 0 3 : 8   N a 2 0 : 8 0 0   H20:8   EG 

Note   t h a t   t h e   s l u r r y   c o n t a i n e d   no  QBr,  i n s t e a d   1 .5   g  o f  

ZSM-5  s e e d s   w e r e   u s e d .   The  ZSM-5  s e e d s   had  been   o b t a i n e d  

f rom  a  p r e v i o u s   run  u s i n g   our  s t a n d a r d   m e t h o d   a n d  

e x h i b i t e d   a  c r y s t a l l i t e   s i z e   of  a p p r o x i m a t e l y   0 . 2  

m i c r o m e t e r .   Ca re   was  t a k e n   to  e n s u r e   t h a t   t he   s e e d s   w e r e  

a d e q u a t e l y   d i s p e r s e d   in  t he   s l u r r y .   The  s l u r r y   w a s  

c h a r g e d   to  an  a u t o c l a v e   wh ich   was  s e a l e d   and  h e a t e d   u n d e r  

a g i t a t i o n   o v e r   a  p e r i o d   of  a b o u t   1 /2   h o u r   to  a  t e m p e r a t u r e  

of  1 7 5 ° C ,   w h i c h   t e m p e r a t u r e   was  h e l d   f o r   a  p e r i o d   of  a b o u t  

7 - 1 / 2   h o u r s .   At  the   end  of  t he   8  h o u r   h e a t i n g   c y c l e ,   t h e  

c h a r g e   was  a l l o w e d   to  c o o l   to  room  t e m p e r a t u r e ,   t a k e n   o u t  

of  t he   a u t o c l a v e ,   f i l t e r e d ,   w a s h e d   w i t h   warm  w a t e r ,   a n d  

f i n a l l y   d r i e d .   Powder   x - r a y   d i f f r a c t i o n   a n a l y s i s   s h o w e d  

t h e   m a t e r i a l   to   be  p u r e   ZSM-5  w i t h   an  e x c e l l e n t   d e g r e e   o f  

c r y s t a l l i n i t y .   E x a m i n a t i o n   of  t he   p r o d u c t   by  s c a n n i n g  

e l e c t r o n   m i c r o s c o p y   showed   w e l l - d e f i n e d   p o l y h e d r a l  

c r y s t a l l i t e s   w i t h   d i m e n s i o n s   of  a b o u t   1-3  m i c r o m e t e r s .  

T h i s   e x a m p l e   shows   t h a t   t he   use  of  ZSM-5  c r y s t a l   s e e d s  

i n s t e a d   of  QBr  r e s u l t s   in  l a r g e   c r y s t a l l i t e s .  

Example   9 

T h i s   e x a m p l e   i l l u s t r a t e s   t he   c a p a b i l i t y   of  our  m e t h o d  

to  r e c y c l e   m o t h e r   l i q u o r   in  t he   s y n t h e s i s   of  ZSM-5  i n  

o r d e r   to  a v o i d   w a s t e   of  v a l u a b l e   S i 0 2 ,   Na20  a n d  

e t h y l e n e   g l y c o l .  

As  i n d i c a t e d   in  Example   1,  a l l   of  t h e   Q  ion  and  a l l   o f  

t he   a l u m i n a   c h a r g e d   to  t he   r e a c t i o n   m i x t u r e   end  up  in  t h e  

p r o d u c t .   T h i s   i s   no t   t he   c a s e   f o r   t h e   s i l i c a   which   o n l y  

r e a c t s   to  a b o u t   80%  of  t he   l e v e l   u s e d   in  t he   r e a c t i o n  



m i x t u r e ,   nor  t h e   s o d a   or  e t h y l e n e   g l y c o l .   T h e s e  

s u b s t a n c e s ,   t o g e t h e r   w i t h   w a t e r ,   c o n s t i t u t e   t h e   m o t h e r  

l i q u o r   wh ich   comes  ou t   of  t h e   a u t o c l a v e   s t e p   mixed   w i t h  

t he   ZSM-5  p r o d u c t .   A  good  p o r t i o n   of  t h i s   m o t h e r   l i q u o r  

can  r e a d i l y   be  s e p a r a t e d   f rom  t h e   p r o d u c t   by  f i l t r a t i o n .  

The  g e n e r a l   m e t h o d   u sed   f o r   r e c y c l i n g   a l l   or  p a r t   o f  

t he   m o t h e r   l i q u o r   i s   to  form  a  s y n t h e s i s   s l u r r y   of  t h e  

o r i g i n a l   run  c o m p o s i t i o n   u s i n g   s m a l l e r   a m o u n t s   of  s o d a ,  

e t h y l e n e   g l y c o l   and  s i l i c a   s i n c e   t h e s e   m a t e r i a l s   can  b e  

s u p p l e m e n t e d   f rom  t h e   m o t h e r   l i q u o r   and  a  f u l l   c o m p l e m e n t  

of  a l u m i n a   and  QBr  b u t   o n l y   a  f r a c t i o n   of  t he   s i l i c a ,  

s o d i u m   h y d r o x i d e   and  e t h y l e n e   g l y c o l .  

The  r e c y c l e   s c h e m e   may  be  r e p e a t e d   n u m e r o u s   t i m e s  

w i t h o u t   d e t r i m e n t   to   t he   p r o p e r t i e s   and  q u a l i t y   ( i n c l u d i n g  

c r y s t a l l i t e   s i z e )   of  t he   r e s u l t i n g   p r o d u c t .   The  s p e c i f i c  

d e t a i l s   w h i c h   f o l l o w   a p p l y   to   an  o r i g i n a l   run  p r e p a r e d   a s  

per   t he   p r o c e d u r e   of  E x a m p l e   1  and  f i v e   c o n s e c u t i v e   r u n s  

in  which   m o t h e r   l i q u o r   was  r e c y c l e d .   A f t e r   f i v e  

c o n s e c u t i v e   s u c c e s s f u l   r e c y c l e   r u n s ,   516  g  of  t he   m o t h e r  

l i q u o r   r e s u l t i n g   f rom  t he   f i f t h   r e c y c l e   run  w i t h   a  pH  o f  

11 .4   and  a  s i l i c a   c o n t e n t   of  4 .06%  was  o b t a i n e d .   A  s i x t h  

r e c y c l e   run  s l u r r y   was  p r e p a r e d   by  m i x i n g   200  g  of  t h e  

m o t h e r   l i q u o r   w i t h   303  g  of  HS-40  Ludox .   A  s o l u t i o n  

c o n t a i n i n g   150  g  of  s e e d   m a t e r i a l   as  d e s c r i b e d   in  E x a m p l e  

1,  6  g  of  e t h y l e n e   g l y c o l   and  100  g  of  m o t h e r   l i q u o r   w a s  

a d d e d   to  t h e   Ludox  mix .   The  7  g  of  NaOH  (50%)  and  24  g  o f  

s o d i u m   a l u m i n a t e   (20%  A1203  and  17%  Na20)  was  m i x e d  

and  d i l u t e d   in  a n o t h e r   100  g  of  m o t h e r   l i q u o r .   The  s e c o n d  

s o l u t i o n   was  s l o w l y   added   to   t h e   Ludox  mix  w i t h   v i g o r o u s  

s t i r r i n g   to  g i v e   t h e   f i n a l   r e a c t i o n   s l u r r y   w h i c h   e x h i b i t e d  

a  pH  of  1 2 . 9 .   The  mole   r a t i o   of  s i l i c a   to  a l u m i n a   of  t h e  

s l u r r y   was  a b o u t   5 4 : 1 .   The  r e a c t i o n   s l u r r y   was  p r o c e s s e d  

as  per   t he   p r o c e d u r e   of  E x a m p l e   1.  The  w e i g h t   of  ZSM-5 



p r o d u c t   o b t a i n e d   was  124  g,  t he   powder   x - r a y   d i f f r a c t i o n  

a n a l y s i s   showed   p u r e   ZSM-5  of  e x c e l l e n t   d e g r e e   o f  

c r y s t a l l i n i t y   and  the   s c a n n i n g   e l e c t r o n   m i c r o s c o p e  

r e v e a l e d   t h e   c r y s t a l l i t e   s i z e   to  be  a b o u t   0 . 2 0  

m i c r o m e t e r .   The  c h e m i c a l   a n a l y s i s   of  t h e   f i n a l   p r o d u c t  

was  2 .25%  Na20,   0.79%  c a r b o n ,   3.72%  A 1 2 0 3  a n d   9 3 . 9 %  

S i 0 2 .   The  s i l i c a   to  a l u m i n a   r a t i o   of  t he   f i n a l   z e o l i t e  

was  4 2 . 9   to  1 .  

T h i s   e x a m p l e   d e m o n s t r a t e s   t he   f e a s i b i l i t y   of  n u m e r o u s  

r e c y c l e   r u n s   u s i n g   b y - p r o d u c t   m o t h e r   l i q u o r   to  p r o d u c e  

ZSM-5  of  h i g h   q u a l i t y   and  of  v e r y   s m a l l   c r y s t a l l i t e   s i z e  

u s i n g   e t h y l e n e   g l y c o l   and  o n l y   t r a c e   a m o u n t s   of  Q B r .  

O t h e r   p r i o r   a r t   p r o c e s s e s   to   make  ZSM-5  have   b e e n  

d i s c u s s e d   e a r l i e r .   The  T a r a m a s s o   e t   a l   p r o c e s s   w h i c h   u s e d  

p o l y o l s ,   b u t   w i t h o u t   any  Q  i o n s ,   d i s c l o s e s   8  days   o f  

a u t o c l a v i n g   to  c o m p l e t e   t h e i r   ZSM-5  s y n t h e s i s .   T h e i r  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   i s   c a l c u l a t e d   to  be  l e s s  

t h a n   3%  as  c o m p a r e d   to  v a l u e s   of  g r e a t e r   t h a n   12%  o b t a i n e d  

by  t h e   p r e s e n t   p r o c e s s .   The  r e a c t o r   t h r o u g h p u t   i s  

c a l c u l a t e d   to  be  l e s s   t h a n   a b o u t   4  Kg /m 3 /day   c o m p a r e d   t o  

v a l u e s   of  g r e a t e r   t h a n   480  K g / m 2 / d a y   o b t a i n e d   i n  

E x a m p l e s   1  and  2 .  

The  f o l l o w i n g   C o m p a r i s o n   R e f e r e n c e   E x a m p l e s   1  a n d   2 

r e p l i c a t e   p r i o r   a r t   p r o c e s s e s   u s i n g   e t h a n o l   a l o n e   in  p l a c e  

of  Q  i o n s   and  n - p r o p y l a m i n e   in  p l a c e   of  Q  i o n s .   In  b o t h  

c a s e s   l a r g e r   s i z e   c r y s t a l l i t e s   a r e   o b t a i n e d .  

C o m p a r i s o n   R e f e r e n c e   E x a m p l e   1 

P l a n k   e t   al   in  U.S .   P a t e n t   No.  4 , 1 7 5 , 1 1 4   a s s i g n e d   t o  

Mobi l   d i s c l o s e   in  E x a m p l e   1  u s i n g   e t h a n o l   to  p r o d u c e   a  

ZSM-5  p r o d u c t   s u b s t a n t i a l l y   d e f i c i e n t   in  an  o r g a n i c  

ammonium  c a t i o n .   T h i s   p r o d u c t   can  be  e x c h a n g e d   d i r e c t l y  

w i t h o u t   any  c a l c i n a t i o n .   E x a m p l e   N o .  1   was  c a r e f u l l y  

r e p l i c a t e d   in  our  l a b o r a t o r i e s   u s i n g   t h e   same  r e a g e n t s   a n d  

f o l l o w i n g   the   p r o c e d u r e s   d e s c r i b e d   by  P l a n k   e t   a l .   e x c e p t  



r e g a r d i n g   t he   t i m e   of  a u t o c l a v i n g .   I n s t e a d   of  u s i n g   t h e  

a u t o c l a v i n g   t i m e   of  24  h o u r s   g i v e n   in  t h e   e x a m p l e ,   t h e  

p r o g r e s s   of  t h e   r e a c t i o n   was  f o l l o w e d   by  x - r a y   d i f f r a c t i o n  

a n a l y s i s   and  t h e   r e a c t i o n   was  s t o p p e d   when  t he   d e g r e e   o f  

c r y s t a l l i n i t y   was  c o m p l e t e .   our   r e p l i c a t e   r e q u i r e d   o n l y  

17  h o u r s   to  r e a c h   f u l l   c r y s t a l l i n i t y   and  t h a t   i s   t h e   v a l u e  

r e p o r t e d   and  t h e   v a l u e   u s e d   to  c a l c u l a t e   o t h e r  

p a r a m e t e r s .   C o n s e q u e n t l y ,   t he   v a l u e s   l i s t e d   in  o u r  

r e p l i c a t e   a r e   e i t h e r   e q u a l   to  t h o s e   r e p o r t e d   by  P l a n k   e t  

al   or  a c t u a l l y   i m p r o v e m e n t s   o v e r   t h e i r   t e a c h i n g s .   T a b l e   1 

s e t s   f o r t h   t h e   d a t a   g i v e n   by  P l a n k   e t   a l .   and  t h e  

c o r r e s p o n d i n g   d a t a   o b t a i n e d   in  our   r e p l i c a t e ,   as  w e l l   a s  

s i g n i f i c a n t   p a r a m e t e r s   c a l c u l a t e d   f rom  t h e   d a t a   g i v e n .  

Note   t he   v e r y   l a r g e   s i z e   of  t he   ZSM-5  c r y s t a l s   p r o d u c e d   b y  

t h e   p r o c e s s   of  E x a m p l e   1  of  P l a n k   e t   a l .  



The  P l a n k   e t   a l   p r o c e s s   makes  c r y s t a l l i t e s   which   a r e  

much  l a r g e r   t h a n   a c c o r d i n g   to  the   p r e s e n t   p r o c e s s .   I t  

u s e s   a  low  e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   ( a b o u t   5 . 1 %  

vs .   a b o u t   14  to  16%  f o r   o u r s )   and  has   a  low  a u t o c l a v e  

t h r o u g h p u t   of  a b o u t   54  to   78  K g / m 3 / d a y   vs .   o u r  

t h r o u g h p u t   of  g r e a t e r   t h a n   480  K g / m 3 / d a y .   I t   e m p l o y s  

s o m e w h a t   c o s t l y   raw  m a t e r i a l s .   Al l   of  wh ich   c o m b i n e s   t o  

make  a  poor   p r o d u c t   by  an  e x p e n s i v e ,   i m p r a c t i c a l   p r o c e s s .  



C o m p a r i s o n   R e f e r e n c e   E x a m p l e   2 

R u b i n   e t   al  in  U . S .   P a t e n t   4 , 1 5 1 , 1 8 9   a s s i g n e d   to  M o b i l  

d i s c l o s e   t h e   use  of  p r o p y l   a m i n e s   such   as  n o r m a l   a n d  

i s o p r o p y l   a m i n e s   as  a  means   to  p r e p a r e   z e o l i t e s  

e s s e n t i a l l y   f r e e   of  s o d i u m ,   t h u s   e l i m i n a t i n g   t h e  

p r e c a l c i n a t i o n   and  c a t i o n   e x c h a n g e   s t e p s .  

E x a m p l e   3  was  c a r e f u l l y   r e p l i c a t e d   in  our   l a b o r a t o r i e s  

u s i n g   t h e   same  r e a g e n t s   and  f o l l o w i n g   t he   p r o c e d u r e s  

d e s c r i b e d   by  Rub in   e t   a l ,   e x c e p t   f o r   t he   a u t o c l a v i n g  

t i m e .   I n s t e a d   of  u s i n g   t h e   a u t o c l a v i n g   t i m e   of  45  h o u r s  

g i v e n   in  t h e   e x a m p l e ,   t he   p r o g r e s s   of  t h e   r e a c t i o n   w a s  

f o l l o w e d   by  x - r a y   d i f f r a c t i o n   a n a l y s i s  a n d   t h e   r e a c t i o n  

was  s t o p p e d   when  t h e   d e g r e e   of  c r y s t a l l i n i t y   w a s  

c o m p l e t e .   our  r e p l i c a t e   r e q u i r e d   o n l y   8  h o u r s   to  r e a c h  

f u l l   c r y s t a l l i n i t y   and  t h a t   is   the   v a l u e   r e p o r t e d   and  t h e  

v a l u e   u s e d   to  c a l c u l a t e   o t h e r   p a r a m e t e r s .   C o n s e q u e n t l y ,  

t h e   v a l u e s   l i s t e d   in  our   r e p l i c a t e   a r e   e i t h e r   e q u a l   t o  

t h o s e   r e p o r t e d   by  R u b i n   e t   a l   or  a c t u a l l y   i m p r o v e m e n t s  

o v e r   t h e i r   t e a c h i n g s .  





The  Rubin   e t   a l   p r o c e s s   p r o d u c e s   v e r y   l a r g e  

c r y s t a l l i t e s   u s e s   c o s t l y   raw  m a t e r i a l s   and  o p e r a t e s   at   a  

low  a u t o c l a v e   t h r o u g h p u t ,   h e n c e   i t   i s   e x p e n s i v e .  

I t   is   u n d e r s t o o d   t h a t   t h e   f o r e g o i n g   d e t a i l e d  

d e s c r i p t i o n   is   g i v e n   m e r e l y   by  way  of  i l l u s t r a t i o n   a n d  

t h a t   many  v a r i a t i o n s   may  be  made  t h e r e i n   w i t h o u t   d e p a r t i n g  

from  the   s p i r i t   of  t h i s   i n v e n t i o n .  



1.  A  p r o c e s s   to   make  t h e   ZSM-5  z e o l i t e  

a)  h a v i n g  a   S i o 2   to   A1203  mole   r a t i o  R   g r e a t e r  

t h a n   5 ,  

b)  h a v i n g   c r y s t a l l i t e s   w i t h   t h e i r   s m a l l e s t   d i m e n s i o n  

b e l o w   a b o u t   0 .3   m i c r o m e t e r ,   a n d  

c)  h a v i n g   an  a v e r a g e   u n i t   c e l l   r e p r e s e n t e d   by  t h e  

f o r m u l a  

w h e r e  

M  r e p r e s e n t s   m o n o v a l e n t   c a t i o n s ,  

r e p r e s e n t s   t h e   i n t e r s e c t i o n s   of  t h e  

c h a n n e l s   i n s i d e   t h e   ZSM-5  p o r o u s   f r a m e w o r k   f r e e  

of  t e t r a p r o p y l  a m m o n i u m   i o n s ,   a n d  

r e p r e s e n t s   t h e   i n t e r s e c t i o n s   of  t h e  

c h a n n e l s   i n s i d e   t he   ZSM-5  p o r o u s   f r a m e w o r k   h a v i n g  

o c c l u d e d   t e t r a p r o p y l   ammonium  i o n s ;  

c o m p r i s i n g  

r e a c t i n g   a  m i x t u r e   c o n t a i n i n g  

a  s o u r c e   of  s i l i c a ,  

a  s o u r c e   of  a l u m i n a ,  

a  s o u r c e   of  a l k a l i   m e t a l   h y d r o x i d e ,  

w a t e r ,  

a  p o l y o l ,   a n d  

a  s m a l l   a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s ,   s a i d  

t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t h e  

r e a c t i o n   m i x t u r e   in  an  e f f e c t i v e   a m o u n t   and  in  a n  

amoun t   l e s s   t h a n   t h a t   which   c o r r e s p o n d s   to  y  =  
0 .8   in  t h e   f o r m u l a ,   a n d  

r e c o v e r i n g   t h e   ZSM-5  z e o l i t e   p r o d u c t .  



2.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   1,  w h e r e i n   the   a m o u n t  

of  t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t h e   r e a c t i o n  

m i x t u r e   i s   an  amoun t   l e s s   t h a n   t h a t   w h i c h   c o r r e s p o n d s   to  y  
=  0 . 6   in  t h e   f o r m u l a .  

3.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   1,  w h e r e i n   t h e   a m o u n t  

of  t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t he   r e a c t i o n  

m i x t u r e   i s   an  amoun t   l e e s   t h a n   t h a t   w h i c h   c o r r e s p o n d s   to  y  
=  0 . 4   in  t h e   f o r m u l a .  

4.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   1,  w h e r e i n   t h e   m o t h e r  

l i q u o r   f rom  a  p r e v i o u s   s y n t h e s i s   is   r e c y c l e d   to   s u p p l y  

p a r t   of  t h e   r e a c t i o n   m i x t u r e .  

5.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   1,  w h e r e i n   t h e   p o l y o l  
is  e t h y l e n e   g l y c o l .  

6.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   1,  w h e r e i n   t h e r e   i s  

e s s e n t i a l l y   no  a l u m i n a   p r e s e n t   and  t h e   p r o d u c t   p r o d u c e d   i s  

s i l i c a l i t e .  

7.  S m a l l   c r y s t a l l i t e s   of   ZSM-5  h a v i n g   c r y s t a l l i t e s  
w i t h   t h e i r   s m a l l e s t   d i m e n s i o n   b e l o w   a b o u t   0 .3   m i c r o m e t e r  

made  by  t h e   p r o c e s s   of  C l a i m   1 .  

8.  S m a l l   c r y s t a l l i t e s   of  s i l i c a l i t e   h a v i n g  

c r y s t a l l i t e s   w i t h   t h e i r   s m a l l e s t   d i m e n s i o n   b e l o w   a b o u t   0 . 3  

m i c r o m e t e r   made  by  t he   p r o c e s s   of  C l a i m   1 .  



9.  A  p r o c e s s   to  make  t he   ZSM-5  z e o l i t e  

a)  h a v i n g   a  5 i 0 2   to   A1203  r a t i o   R  g r e a t e r   t h a n  

5,  a n d  

b)  h a v i n g   c r y s t a l l i t e s   w i t h   t h e i r   s m a l l e s t   d i m e n s i o n  

b e l o w   a b o u t   0 .3   m i c r o m e t e r ,  

c o m p r i s i n g  

r e a c t i n g   a  m i x t u r e   c o n t a i n i n g  

a  s o u r c e   of  s i l i c a ,  

a  s o u r c e   of  a l u m i n a ,  

a  s o u r c e   of  a l k a l i   m e t a l   h y d r o x i d e ,  

w a t e r ,  

a  p o l y o l ,   a n d  

a  s m a l l   a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s ,   s a i d  

t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t h e  

r e a c t i o n   m i x t u r e   in  a n  e f f e c t i v e   a m o u n t   and  in  a n  

amoun t   l e s s   t h a n   0 .8U  in  w h i c h   U  i s   1 / 9 6   of  t h e  

sum  of  t h e   n u m b e r   of  m o l e s   of  Si  in  t h e   r e a c t i n g  

m i x t u r e   m u l t i p l i e d   by  0 .8   p l u s   t he   number   o f  

m o l e s   of  Al  in  t h e   r e s u l t i n g   m i x t u r e ,   a n d  

r e c o v e r i n g   the   ZSM-5  z e o l i t e   p r o d u c t .  

10.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   9,  w h e r e i n   t h e  

a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s  b e i n g   p r e s e n t   in  t h e  

r e a c t i o n   m i x t u r e   i s   an  a m o u n t   l e s s   t h a n   0 . 6 U .  

11.  A  p r o c e s s   a c c o r d i n g   t o   C l a i m   9,  w h e r e i n   t h e  

a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t h e  

r e a c t i o n   m i x t u r e   i s   an  a m o u n t   l e s s   t h a n   0 . 4 U .  

12.   A  p r o c e s s  a c c o r d i n g   to  c l a i m   9,  w h e r e i n   t h e  

m o t h e r   l i q u o r   from  a  p r e v i o u s   s y n t h e s i s   is   r e c y c l e d   t o  

s u p p l y   p a r t   of  the   r e a c t i o n   m i x t u r e .  

13.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   9,  w h e r e i n   t h e  

p o l y o l   i s   e t h y l e n e   g l y c o l .  



14.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   9,  w h e r e i n   t h e r e   i s  

e s s e n t i a l l y   no  a l u m i n a   p r e s e n t   and  t he   p r o d u c t   p r o d u c e d   i s  

s i l i c a l i t e .  

15.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   9,  w h e r e i n   t h e  

r e a c t i o n   m i x t u r e   c o n t a i n s   no  s o u r c e   of  ZSM-5  c r y s t a l l i t e s  

w h i c h   a r e   d i s c e r n i b l e   by  powder   x - r a y   d i f f r a c t i o n .  

16.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   9,  w h e r e i n   t h e  

r e a c t i o n   s l u r r y   m i x t u r e   has  t h e   f o l l o w i n g   m o l a r   r a t i o s   o f  

i n q r e d i e n t s  

S i 0 2  t o   A1203  g r e a t e r   t h a n  6  

H20  t o  O H -   2 0 - 1 2 0  

P o l y o l   to  ( S i O 2 + A l 2 O 3 )   l e s s   t h a n   1 . 0  

( S i + A l )   to   H20  0 . 0 3 - 0 . 1 5  

Q  to  U  l e s s   t h a n   0 . 8  

w h e r e i n   e s s e n t i a l l y   a l l   of  t h e   Q  c h a r g e d   to  the   r e a c t i o n  

s l u r r y   b e c o m e s   o c c l u d e d   in  t h e   r e a c t i o n   p r o d u c t ;  

w h e r e i n   e s s e n t i a l l y   a l l   of  t h e   A1203  c h a r g e d   to  t h e  

r e a c t i o n   s l u r r y   b e c o m e s   a  p a r t   of  t h e   c o v a l e n t   n e t w o r k   o f  

t he   r e a c t i o n   p r o d u c t ;   and  w h e r e i n   t h e   r e a c t i o n   t e m p e r a t u r e  

is   f rom  1 5 0 - 2 0 0 ° C   and  the   r e a c t i o n   t i m e   is   l e s s   t h a n   24  

h o u r s .  



17.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   16,   w h e r e i n   m o l a r  

r a t i o s   of  i n g r e d i e n t s   a r e  

SiO2  to   Al2O3  2 0 - 1 2 0  

H2O  to  OH-  3 0 - 1 0 0  

P o l y o l   to   ( S i O 2 + A l 2 O 3 )   l e s s   t h a n   0 . 5 0  

( S i + A l )   to   H2O  0 . 0 5 = 0 . 1 2  

Q  to  U  l e s s   t h a n   0 . 6  

and  w h e r e i n   t he   r e a c t i o n   t e m p e r a t u r e   i s   f rom  1 6 0 - 1 9 0 ° C   a n d  

t h e   r e a c t i o n   t i m e   is   l e s s   t h a n   12  h o u r s .  

18.   A  p r o c e s s   a c c o r d i n g  t o   C l a i m   17,   w h e r e i n   t h e  

m o l a r   r a t i o s   of  i n g r e d i e n t s  a r e  

SiO2  to  Al2O3  4 0 - 8 0 ,  

H20  to   OH-  5 0 - 7 0  

P o l y o l   to   ( S i O 2 + A l 2 O 3 )   l e s s  t h a n   0 . 2 0  

( S i + A l )   to   H20  0 . 0 6 - 0 . 0 9  

Q  to  U  l e s s   t h a n   0 . 4  

and  w h e r e i n   t he   r e a c t i o n  t e m p e r a t u r e   i s   f rom  1 7 0 - 1 8 0 ° C   a n d  

t h e   r e a c t i o n   t i m e   is   l e s s   t h a n   8  h o u r s .  



19.   A  p r o c e s s   a c c o r d i n g   to  C l a i m   9  w h e r e i n   s a i d   ZSM-5 

p r o d u c e d   h a s  

a  h i g h   d e g r e e   of  c r y s t a l l i n i t y ;  

an  o c c l u d e d   c a r b o n   c o n t e n t   as  p r e p a r e d   and  w a t e r  

w a s h e d   of  l e s s   t h a n   0 .1   mole   of  c a r b o n   per   mole   o f  

t o t a l   s i l i c o n   and  a l u m i n u m   c o n t a i n e d   in  s a i d   Z S M - 5 ;  

a  z e o l i t i c   a l k a l i   m e t a l   c o n t e n t   as  p r e p a r e d   a n d  

w a t e r   w a s h e d   of  l e s s   t h a n   one  mole   per   mole  o f  

c o n t a i n e d   a l u m i n u m ;  

a  h i g h   d e g r e e   of  c r y s t a l l i n e   p u r i t y   e x h i b i t i n g   a  

s i n g l e   p h a s e   c r y s t a l l i n e   m a t e r i a l ;  

an  a l u m i n o s i l i c a t e   or  s i l i c a l i t e   s t r u c t u r e ;  

t h e   c a p a c i t y   to  be  r e a d i l y   e x c h a n g e a b l e   w i t h o u t  

p r i o r   r e m o v a l   of  Q  i o n s ;   a n d  

c o n t a i n i n g   as  p r e p a r e d   and  w a t e r   washed   l e s s   t h a n  

1 / 1 2 0   mole   of  n i t r o g e n   pe r   mole   of  t o t a l   s i l i c o n   a n d  

a l u m i n u m   c o n t a i n e d   in  s a i d   Z S M - 5 .  

20.   S m a l l   c r y s t a l l i t e s   of  ZSM-5  h a v i n g   c r y s t a l l i t e s  

w i t h   t h e i r   s m a l l e s t   d i m e n s i o n   b e l o w   a b o u t   0 .3   m i c r o m e t e r  

made  by  t h e   p r o c e s s   of  C l a i m   9 .  

21.  S m a l l   c r y s t a l l i t e s   of  s i l i c a l i t e   h a v i n g  

c r y s t a l l i t e s   w i t h   t h e i r   s m a l l e s t   d i m e n s i o n   b e l o w   a b o u t   0 . 3  

m i c r o m e t e r   made  by  the   p r o c e s s   of  C l a i m   9 .  



22.  A  n o n p o l l u t i n g   p r o c e s s   to  make  t h e   ZSM-5  z e o l i t e  

a)  h a v i n g   a  S io2   to  A1203  mole  r a t i o   R  g r e a t e r  

t h a n   5,  a n d  

b)  h a v i n g   an  a v e r a g e   u n i t   c e l l   r e p r e s e n t e d   by  t h e  

f o r m u l a  

w h e r e  

M  r e p r e s e n t s   m o n o v a l e n t   c a t i o n s ,  

r e p r e s e n t s   t h e   i n t e r s e c t i o n s   of  t h e  

c h a n n e l s   i n s i d e   t h e   ZSM-5  p o r o u s   f r a m e w o r k   f r e e  

of  t e t r a p r o p y l   ammonium  i o n s ,   a n d  

r e p r e s e n t s   t h e   i n t e r s e c t i o n s   of  t h e  

c h a n n e l s   i n s i d e   t h e   ZSM-5  p o r o u s   f r a m e w o r k   h a v i n g  
o c c l u d e d   t e t r a p r o p y l   ammonium  i o n s ;  

c o m p r i s i n g  

( i )   r e a c t i n g   a  m i x t u r e   c o n t a i n i n g  

a  s o u r c e   of  s i l i c a ,  

a  s o u r c e   of  a l u m i n a ,  

a  s o u r c e   of  a l k a l i   m e t a l   h y d r o x i d e ,  

w a t e r ,  

a  p o l y o l ,   a n d  

a  s m a l l   a m o u n t   of  t e t r a p r o p y l   ammonium  i o n s ,   s a i d  

t e t r a p r o p y l   ammonium  i o n s   b e i n g   p r e s e n t   in  t h e  

r e a c t i o n   m i x t u r e   in  an  e f f e c t i v e   a m o u n t   and  in  a n  
amoun t   l e s s   t h a n   t h a t   which   c o r r e s p o n d s   to  y  = 

0.8  in  t he   f o r m u l a ,   s a i d   m i x t u r e   h a v i n g   a n  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   of  g r e a t e r   t h a n  

12%,  

a t   a  r a t e   c o r r e s p o n d i n g   to  a  t h r o u g h p u t   g r e a t e r   t h a n   4 0 0  
K g / m 3 / d a y ,   a n d  

( i i )   r e c o v e r i n g   t he   ZSM-5  z e o l i t e   p r o d u c t .  



23.  A  p r o c e s s   a c c o r d i n g   to   C l a i m   22,  w h e r e i n   t h e  

e q u i v a l e n t   p r o d u c t   c o n c e n t r a t i o n   i s   g r e a t e r   t h a n   14%  a n d  

t h e   t h r o u g h p u t   i s   g r e a t e r   t h a n   500  K g / m 2 / d a y .  

24.  S m a l l   c r y s t a l l i t e s   of  ZSM-5 

a)  h a v i n g   a  S io2   to   Al2O3  m o l e   r a t i o   R  g r e a t e r  

t h a n   5 ,  

b)  h a v i n g   c r y s t a l l i t e s   w i t h   t h e i r   s m a l l e s t   d i m e n s i o n  

b e l o w   a b o u t   0 .3   m i c r o m e t e r ,   a n d  

c)  h a v i n g   an  a v e r a g e   u n i t   c e l l   as  s y n t h e s i z e d   a n d  

w a t e r   w a s h e d   r e p r e s e n t e d   by  the   f o r m u l a  

w h e r e  

M   r e p r e s e n t s   an  a l k a l i   m e t a l   c a t i o n ,  

y  i s   l e s s   t h a n   0 . 8 ,  

c h a n n e l s   i n s i d e   t h e   ZSM-5  p o r o u s   f r a m e w o r k   h a v i n g  

o c c l u d e d   t e t r a p r o p y l   ammonium  i o n s ,  

s a i d   c r y s t a l l i t e s   b e i n g   i o n - e x c h a n g e a b l e   w i t h o u t   r e q u i r i n g  

a  p r e l i m i n a r y   c a l c i n a t i o n   s t e p .  

25.  The  c o m p o s i t i o n   of  C l a i m   24,  w h e r e i n   M  in  t h e  

f o r m u l a   i s   N a .  

26.  The  c o m p o s i t i o n   of  C l a i m   24,  wh ich   has  b e e n  

f u r t h e r   ammonium  ion   e x c h a n g e d   and  w h e r e   M  in  the   f o r m u l a  

is   NH4. 



27.  The  c o m p o s i t i o n   of  C l a i m   24,  w h e r e i n   M  in  t h e  

f o r m u l a   i s   H.  

28.   The  c o m p o s i t i o n   of  C l a i m   27,  w h e r e i n   t h e   c a t i o n   M 

h a s  b e e n   a t   l e a s t   p a r t i a l l y   r e p l a c e d   by  t h e   e q u i v a l e n t  

a m o u n t   of  l a n t h a n i d e   i o n .  

29.   The  c o m p o s i t i o n   of   C l a i m   26  a f t e r   s u b s e q u e n t  

r e m o v a l   of  t he   Q. 

30.  The  c o m p o s i t i o n   of  C l a i m   27  a f t e r   s u b s e q u e n t  

r e m o v a l   of  t he   Q. 

31.  The  c o m p o s i t i o n   of  C l a i m   28  a f t e r   s u b s e q u e n t  

r e m o v a l   of  t he   Q.  

32.   A  p r o c e s s   f o r   m a k i n g   a  c a t a l y s t   c o m p r i s i n g  

a)  m i x i n g   t o g e t h e r   a  r e a c t i o n   s l u r r y   as  d e f i n e d  

in  C l a i m   1 ;  

b)  h e a t i n g   t h e   r e a c t i o n   s l u r r y   a t   a  t e m p e r a t u r e  

of  f rom  a b o u t   1 5 0 - 2 0 0 ° C   f o r   l e s s   t h a n   24 

h o u r s   to  p r o d u c e   a  ZSM-5  z e o l i t e   and  a  

m o t h e r   l i q u o r ;  

c)  c o o l i n g   t h e   r e a c t i o n   m a t e r i a l s   f rom  s t e p   ( b ) ;  

d)  f i l t e r i n g   t h e   c o o l e d   r e a c t i o n   m a t e r i a l s   t o  

o b t a i n   t h e   z e o l i t e   r e a c t i o n   p r o d u c t ;  

e)  w a s h i n g   t h e   f i l t e r e d   z e o l i t e ;  

f)  c a t i o n   e x c h a n g i n g   the   w a s h e d   z e o l i t e ;  

g)  b l e n d i n g   t h e   e x c h a n g e d   z e o l i t e   w i t h   a  m a t r i x  

m a t e r i a l ;  

h)  f o r m i n g   t h e   b l e n d e d   m a t e r i a l   i n t o   a  f o r m e d  

p a r t i c l e ;  

i)  d r y i n g   t h e   f o r m e d   p a r t i c l e ;   a n d  

j)  c a l c i n i n g   t h e   d r i e d   p a r t i c l e   to  y i e l d   a  

ZSM-5  z e o l i t e   c o n t a i n i n g   c a t a l y s t .  

33.   A  p r o c e s s   a c c o r d i n g   to   C la im   32,  w h e r e i n   t h e  

c a t i o n   e x c h a n g e   is   made  w i t h   NH4  i o n s .  



34.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   32,   w h e r e i n   t h e  

c a t i o n   e x c h a n g e   i s   made  w i t h   NH+4 ions  and  l a n t h a n i d e  

i o n s .  

35.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   3 2 ,  w h e r e i n   t h e  

c a t i o n   e x c h a n g e   i s   made  w i t h   H +  i o n s .  

36.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   32,   w h e r e i n   t h e  

c a t i o n s   e x c h a n g e   i s   made  w i t h   H  i o n s   and  l a n t h a n i d e  

i o n s .  

37.  A  ZSM-5  z e o l i t e   c o n t a i n i n g   c a t a l y s t   made  by  t h e  

p r o c e s s   of  C l a i m   3 2 .  

38.  A  p r o c e s s   f o r   m a k i n g   a  c a t a l y s t   c o m p r i s i n g  

a)  m i x i n g   t o g e t h e r   a  r e a c t i o n   s l u r r y   as  d e f i n e d  

in  C l a i m   9 ;  

b)  h e a t i n g   t he   r e a c t i o n   s l u r r y   a t   a  t e m p e r a t u r e  

of  f rom  a b o u t   1 5 0 - 2 0 0 ° C   f o r   l e s s   t h a n   24  

h o u r s   to   p r o d u c e   a  ZSM-5  z e o l i t e   and  a  

m o t h e r   l i q u o r ;  

c)  c o o l i n g   t he   r e a c t i o n   m a t e r i a l s   f rom  s t e p   ( b ) ;  

d)  f i l t e r i n g   t he   c o o l e d   r e a c t i o n   m a t e r i a l s   t o  

o b t a i n   t he   z e o l i t e   r e a c t i o n   p r o d u c t ;  

e)  w a s h i n g   t h e   f i l t e r e d   z e o l i t e ;  

f)   c a t i o n   e x c h a n g i n g   the   w a s h e d   z e o l i t e ;  

g)  b l e n d i n g   t h e   e x c h a n g e d   z e o l i t e   w i t h   a  m a t r i x  

m a t e r i a l ;  

h)  f o r m i n g   t h e   b l e n d e d   m a t e r i a l   i n t o   a  f o r m e d  

p a r t i c l e ;  

i)   d r y i n g   t he   f o r m e d   p a r t i c l e ;   a n d  

j)  c a l c i n i n g   the   d r i e d   p a r t i c l e   to  y i e l d   a  

ZSM-5  z e o l i t e   c o n t a i n i n g   c a t a l y s t .  

39.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   38,   w h e r e i n   t h e  

c a t i o n   e x c h a n g e   i s   made  w i t h   N H + 4  i o n s .  

40.   A  p r o c e s s   a c c o r d i n g   to  C l a i m   38,   w h e r e i n   t h e  

c a t i o n   e x c h a n g e   is  made  w i t h   NH+4 ions  and  l a n t h a n i d e  

i o n s .  



41.  A  p r o c e s s   a c c o r d i n g   to  C l a i m   38,   w h e r e i n   t h e  

c a t i o n   e x c h a n g e   i s   made  w i t h   H+  i o n s .  

42.   A  p r o c e s s   a c c o r d i n g   to  C l a i m   38,   w h e r e i n   t h e  

c a t i o n s   e x c h a n g e   i s   made  w i t h   H+  i o n s   and  l a n t h a n i d e  

i o n s .  

43.  A  ZSM-5  z e o l i t e   c o n t a i n i n g   c a t a l y s t   made  by  t h e  

p r o c e s s   of  C l a i m   3 5 .  
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